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ABSTRACT 
 
This research investigates the effect of electron irradiation on transport properties 
in graphene Field Effect Transistor (FET) devices. Upon irradiation, graphene is doped 
with electrons and adsorbs molecules by transfer of accumulated electrons in graphene 
to environmental molecules, resulting in the deterioration of transport properties. 
Molecules adsorbed after electron irradiation in ambient condition were observed by 
Atomic Force Microscopy (AFM). In-situ transport properties were measured in a 
vacuum after electron irradiation. In addition, hysteresis in the transport properties 
appeared as a result of electron irradiation. The origin of the hysteresis was investigated 
by exposing the electron beam irradiated graphene to ambient condition. As 
environmental molecules are adsorbed on graphene, the hysteresis disappears. In 
addition, annealing in a vacuum also removes the hysteresis. We conclude that the 
hysteresis is the result of polar adsorbates on graphene induced by electron irradiation. 
In addition, the effect of electron irradiation on a PMMA (Poly Methyl 
Methacrylate)/Graphene bilayer was studied. We observed a deterioration of the 
electrical transport properties of a graphene FET. Prior to electron irradiation, we 
observed that the PMMA layer on graphene did not degrade the carrier transport of 
graphene but improved its electrical properties instead. As a result of the electron 
irradiation on the bilayer, defects could be observed by Raman spectroscopy. We 
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suggest that the degradation of the transport behavior originates from the binding of 
atoms or molecules generated by the PMMA backbone secession process. 
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CHAPTER I 
INTRODUCTION 
 
Graphene is a single layer of carbon atoms with a honeycomb network structure. 
Because it had originally been believed that this 2-Dimensional material cannot exist in 
the real world due to its instability [1], it had only been studied theoretically [2-5]. 
Experimental studies in graphene began with a breakthrough report, the successful 
isolation of graphene on SiO2/Si substrates by mechanical exfoliation and fabrication of 
FET devices in 2004 [6] by Geim and Novoselov who won the Nobel prize in 2010 for 
their contributions to graphene research. Thanks to its extraordinary electronic, 
mechanical, optical, thermal, and chemical properties, graphene became a promising 
material in academia and industry.  
Graphene exhibits high speed electronic performance. The mobility of electrons 
in suspended graphene reaches 200,000 ~ 600,000 cm
2
/Vs at low temperature [7, 8], and 
the Fermi velocity of graphene is 10
6 
m/s, which is the highest value ever known. At 
room temperature, the mobility of graphene on a SiO2/Si substrate is revealed to be more 
than 10
4
 cm
2
/Vs, which is one or two orders of magnitude higher than the value for 
silicon.  
Graphene is one of the strongest materials ever known [9]. Even when graphene 
contains crystallographic defects, its stiffness is equivalent to single crystalline graphene 
[10], indicating that polycrystalline graphene grown by CVD is as strong as the single 
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crystalline graphene. Another remarkable mechanical property of graphene is its tunable 
resonance frequency by applying gate voltage, which can be readout electrically. 
Tension of graphene membrane can be controlled by applying gate voltage, resulting in 
variation of resonance frequency from 20MHz to 80MHz. [11], which allows graphene a 
promising candidate for nano and micro meter-size scale electromechanical resonators. 
Because the resonance frequency responds to the externally applied force and mass 
attached to graphene, it can be applied as force detection sensors in AFM and mass 
detection sensors [11].  
High thermal conductivity of graphene makes it more attractive to scientists and 
materials engineers than traditional materials. Heat management in integrated circuits 
(IC) has emerged as a critical issue in the miniaturization of electronic devices in IC 
chips because heat dissipated from highly integrated devices increases the operation 
temperature in ICs and degrades device performance. A material with high thermal 
conductivity is advantageous in suppressing temperature by transferring heat through the 
material. Room temperature thermal conductivity of graphene has been recorded up to 
5300 W/m·K, which is higher than copper and single-wall CNTs and is the highest value 
ever recorded [12-14].  
Graphene is optically transparent. Optical transmittance of a graphene monolayer 
reaches 0.977 [15]. Although a monolayer of carbon atoms is transparent, graphene on 
SiO2/Si substrates is visible by optical microscope with white light due to interference 
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effects. By selecting a proper thickness of the oxide layer on top of silicon, the 
absorption of graphene can be increased up to 0.15 [16].  
Graphene interacts chemically with various atoms or molecules such as H, K, 
NO2, NH3, and OH [17-23] which modify its electronic properties. Molecules adsorbed 
on graphene act as electronic donors or acceptors, shifting the CNP (Charge Neutral 
Point or Dirac Point, VD), which is the value of the gate voltage applied at minimum 
conductivity. In general, these molecules can be absorbed on graphene by exposing it to 
the relevant gases and desorbed by annealing. More importantly, the surface state of 
graphene can be sensed by FET operation, which allows for graphene to be operated as a 
gas sensor. In particular, graphene hydrogenation is of interest for hydrogen sensors or 
storage [22, 24]. Moreover, biological materials can be detected and the applications of 
graphene might be expanded to biology [25]. 
This dissertation is composed of seven chapters, starting with the introduction. In 
Chapter II, the theoretical background is described to introduce readers to the basic 
properties of graphene. The crystal structure is introduced, and the electronic energy 
band is calculated by the tight binding approximation. In addition, the fundamental 
theory of relativistic particles and Klein tunneling are added to explain massless Dirac 
fermions in graphene. Moreover, the principles of graphene FET operation and 
Boltzmann theory are presented to give an overall idea of electrical transport properties 
to readers.   
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Chapter III demonstrates the fabrication of graphene FET devices and 
characterization by AFM, Raman spectroscopy, and electrical transport measurement. 
The main experimental results are described in Chapter IV and V. Chapter IV contains 
the electrical transport properties of graphene after electron beam irradiation on a 
PMMA/graphene bilayer and subsequent removal of PMMA. In chapter V, the electrical 
transport properties of graphene in vacuum as affected by electron irradiation are 
described. The electrical transport properties of irradiated graphene after exposure to 
ambient air are shown and are related to surface adsorbates on graphene. Gate voltage 
hysteresis of graphene induced by electron beams irradiation is also described in this 
chapter. The last chapter will provide an overall guide to this thesis, a summary, and the 
conclusions. Further works and more issues related to this work will also be mentioned.   
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CHAPTER II 
BACKGROUND 
 
2.1 Crystal structure 
Graphene is entirely composed of carbon atoms with an electronic structure 
1s
2
2s
2
2p
2
. Carbon has six electrons and is a member of group IV in the periodic table. 
Carbon atoms in the graphene lattice have three sp hybrid electronic orbitals, which is 
the result of mixing of s and p orbitals into the same energy level. The way a carbon 
atom bonds with its neighbor is different from material to material. In diamond, four 
electrons per atomic carbons contribute to bond with four neighboring carbons. 
However, only three electrons contribute to covalent bonding with other nearby atoms in 
graphene and CNT. The electronic orbital of atomic carbon in graphene is shown in 
Figure 1 (a). A carbon in graphene has three in-plane sp
2
 orbitals for covalent bonding  
and one out of plane p orbital which remains without bonding. The uncoupled p-orbital 
provides a free electron which contributes to conductivity by hopping.  
Carbon atoms in graphene arrange themselves in a honeycomb lattice structure. 
Most of the extraordinary physical properties, such as the massless Dirac fermionic 
behavior, originate from the 2-Dimensional honeycomb sturcture which has two sub-
lattices named A and B in the unit cell. The shaded area including A and B lattices in 
Figure 1(b) is the unit cell of graphene. The two vectors shown in equations 2.1 and 2.2, 
    and    , are translational vectors, and   is the distance between nearest neighbors. 
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         (2.1) 
     
  
 
  
   
 
         (2.2) 
    
 
 
Figure 1 Crystal structure of graphene. (a) Electronic structure of the carbon atom 
in graphene. Three in-plane sp-hybridized orbitals and one out of plane p orbital 
are shown. (b) Honeycomb lattice structure with two sublattices labeled A and B. 
The unit cell is marked by a shadow.  
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2.2 Energy band structure
1
 [26] 
Graphene reveals a characteristic energy band with linear dispersion relation near 
K and K’ in the momentum space. The unique electronic property stems from the 
existence of two sub-lattices in a unit cell, resulting in two non-equivalent valleys in 
reciprocal space. This extraordinary energy band of graphene can be calculated by tight 
binding theory, which is a theoretical method used to calculate band structure for tightly 
bound electrons on their atoms [27]. Because graphene has two sub-lattices in the unit 
cell, the wave function is a form of 2-component spinor, resulting in a 2 by 2 matrix 
Hamiltonian. The energy band can be calculated by solving the eigenvalue problem with 
the Hamiltonian in equation 2.3: 
 
        
  
  
  
  
  
  
             
  
  
             
  
  
              
  
  
              
 (2.3) 
The first term in the equation 2.3 describes the hopping element within the unit 
cell, where   and   are the on-site energy and the hopping energy between two lattices in 
the unit cell, respectively. The following four terms describe the hopping elements 
between the unit cell, which is the shadow area in Figure 2 (a), and the nearest neighbors 
marked with numbers from 1 to 4. The Hamiltonian can be simplified to a single 2 by 2 
                                                 
1
 Energy band calculation described in this section is based on the lecture (Reference 26) provided by 
Professor Supriyo Datta at Purdue University.  
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matrix, as shown in equation 2.4, where                  
                      and   
 
 is 
a complex conjugate of        , and the eigenvalue equation results in 2.5. 
    
     
   
 
   
   (2.4) 
  
    
 
    
                         (2.5) 
By combining equations 2.1, 2.2, and 2.5, and            ,          can be 
simplified as a function of the wave vector as shown in 2.6.  
                 
               (2.6) 
The expression of the energy in terms of the wave vector is derived as 
                                                       (2.7) 
In order to convert the Hamiltonian in terms of Pauli spin matrices, equation 2.6 can be 
expressed in bases of    and    near two valley points.  
 
              
  
    
   
   
    
   
  
(2.8) 
At the valley K, the two coefficients C and D in equation 2.8 can be expressed in terms 
of lattice constant ( ). Finally, the Hamiltonian can be expressed as a function of the 
wave vector as described in 2.9.  
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   (2.9) 
 
 
 
Figure 2 (a) Four neighboring lattices are marked by numbers around the unit cell 
of graphene to calculate the energy band structure. (b) Two non-equivalent valleys 
(K and K’) are indicated in the First Brillion Zone.  
 
 
2.3 Relativistic Dirac Fermions 
The motion of classical particles is described by Newton’s laws with energy 
being defined as E 
   
  
  , where   is the potential energy of the particles. In quantum 
theory, the Schrödinger equation describes the equation of motion, where corresponding 
operators replace energy and momentum,              
 
  
. 
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        (2.10) 
Here,          is a wavefunction. On the other hand, the energy of relativistic 
free particles is described by              , which transforms into the Klein 
Gordon equation: 
    
   
   
                  (2.11) 
However, in order to satisfy the fundamental assumption, conservation of 
probability, the second order time derivative equation 2.11 should be reduced to a first 
order differential equation [28]. Dirac first attempted to modify the Klein Gordon 
equation to describe the relativistic particles by introducing a matrix form as shown as 
2.12 and 2.13. 
     
          
           
  
          
           
  (2.12) 
    
          
           
   (2.13) 
The energy square can be expressed as an inner product of two identical 
matrices, where        
  
  is the Pauli matrix with its elements     
  
  
 ,    
 
   
  
 , and      
  
   
 . Equation (2-11) describes the free relativistic particle, 
and the eigenstate of the eigenvalue equation, , is a 4 component-spinor which is 
composed of                    ,          , and           . The eigenvalues of 2.10 
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can be positive or negative values. The subscripts ‘ ’ and ‘ ’ indicate positive and 
negative eigenenergies, and the arrows ‘ ’ and ‘ ’ indicate spin up and down, 
respectively. In this theory,           and          describe spin ½ fermions, and 
         , and            are anti-fermions. For the massless Dirac fermions, the 
Hamiltonian 2.13 transforms into 2.14 by removing mass, 
    
       
       
   (2.14) 
Under the condition      and     , the expression 2.14 represents the 
Hamiltonian of 2-D massless Dirac fermions which is the same form as 2.9. Considering 
2.9 and 2.14, the hopping energy can be determined as   
   
 
, and the Hamiltonian can 
be written as equation 2.15. 
              (2.15) 
2.4 Klein tunneling 
In classical mechanics, a particle is confined when its energy is less than a 
potential barrier height (V0). In non-relativistic quantum mechanics, there is a chance for 
a particle to transit through the classically forbidden region by quantum tunneling. In 
this process, the transmission probability (T) is determined mainly by the potential 
barrier height and width [29]. For a Dirac particle, however, T weakly depends on V0 
and even approaches unity while increasing the potential barrier height [30, 31]. This 
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relativistic process is referred to as Klein tunneling and is attributed to the fact that a 
strong potential barrier is repulsive for electrons but attractive for holes. 
Outside the barrier, the Fermi energy lies above the origin and an electron 
approaches the barrier without obstruction. Inside the potential barrier, the Fermi energy 
is pulled down to the negative side as shown in Figure 3, but it still remains aligned with 
the Fermi energy levels of electrons on both ends.  
 
 
 
Figure 3 Schematic diagram of a Klein tunneling junction. (a) Fermi energy levels 
are dotted line in (a) and (b). (a) Energy bands of graphene corresponding to 
outside and inside of a potential barrier in (b). (b) Square potential barrier of width 
D and height V0. 
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The moment the electron arrives at the boundary of the barrier, the hole, instead 
of the electron, propagates in the barrier. In this respect, both electrons and holes, 
together, contribute to conduction across the high potential barrier. Thanks to the Klein 
tunneling process, electrical carriers in graphene contribute to the conduction even in the 
case of an extremely high potential barrier. This effect was further confirmed by solving 
the transmission coefficent for graphene in n-p junction problems [32, 33].  
2.5 Electrical transport properties of graphene 
2.5.1 Carrier conduction behavior near the Dirac point 
In normal metals, the conductivity goes to zero as the carrier density approaches 
zero. If graphene obeys the same rules as normal metals, the conductivity of graphene at 
VD should be zero. Many experimental results, however, have shown that the 
conductivity in graphene did not drop to zero at VD, which is the gate voltage value 
leading the carrier concentration to zero, but approaches the universal minimum 
conductivity [6, 7, 30, 34, 35].  
In order to investigate this unusual electronic behavior theoretically, a simple 
graphene FET device model was introduced [36]. It has a graphene strip and two metal 
electrodes, one at each end, which are considered infinite potential barriers [36]. In this 
configuration, the conduction problem can be replaced with a p-n-p Klein tunneling 
junction problem as shown in Figure 4.   
The solution of the Klein tunneling junction problem can be obtained by solving 
the Dirac equation with boundary conditions in equation 2.16 [36, 37]. 
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(2.16) 
 
 
 
Figure 4 (a) Schematic diagram of a graphene FET device. The graphene strip is 
contacted by two metal electrodes. The width and length of the device are W and L, 
respectively. (b) A diagram of potential barriers of the graphene device shown in 
(a) is displayed. The potential between two electrodes (0<X<L) is μ, and otherwise 
it is infinite.  
 
 
The resultant conductivity is expressed as in equation 2.17. 
   
 
 
   
 
   
 
   
 (2.17) 
Here,  is a two-component wavefunction        , which is originated from 
two sub-lattice sites A and B in the unit cell,    is Pauli matrix component,   is the 
potential energy, and   is the velocity of a Dirac electron. The mass M(y) is zero in the 
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graphene strip region and is considered as  outside of graphene strip. In equation 2.17, 
Tn is the transmission probability through the barrier and n is the conduction channel 
mode. Under the condition, N>>1 and W>>L, the conductivity (2-16) reduces to σmin as 
shown in equation 2.18. 
      
   
  
 (2.18) 
2.5.2 Carrier conduction behaviors far from the Dirac point 
Far from the VD, electrical transport properties can be described by the semi-
classical Boltzmann theory [27, 38-43]. In this theory, the rate of collision is described 
by partial derivatives of the distribution function (f) with respect to time, position, and 
momentum as described in equation 2.19. 
  
  
  
 
    
 
  
  
    
  
  
    
  
   
 (2.19) 
To calculate the conductivity, the relaxation time ( ) is required, which can be 
derived from the equation 2.19 with the three conditions described below. Conditions 
2.20) and 2.21 imply near equilibrium and a steady state of the distribution function, 
respectively.  If no magnetic field is applied, the force is expressed only a function of an 
electric field, as shown in equation 2.22. 
 
  
   
 
   
   
 , 
  
   
 
   
   
  (2.20) 
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    (2.21) 
          (2.22) 
Under the three conditions, the relaxation time can be approximated as shown in 
equation 2.23, 
  
  
 
    
   
  
     
   
   
  (2.23) 
Here, f is the Fermi-Dirac distribution function, and f0 is the Fermi-Dirac 
function at zero Kelvin. After some algebra,    can be derived as the following equation,  
          
   
  
        (2.24) 
Plugging equation 2.24 into the current density equation 2.25, the conductivity 
far from the VD can be expressed as a function of a charge concentration and a relaxation 
time as shown in equation 2.26. 
   
 
 
        
 
     (2.25) 
   
    
 
 
 
 
 
 
    
  
 (2.26) 
Equation 2.26 results in the Drude model, where        and        . 
In general, the semi-classical theory of conduction describes the electronic 
collision as random and uncorrelated events. The Relaxation Time Approximation (RTA) 
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can be derived from those two assumptions. This approximation assumes that the non-
equilibrium distribution function has no effect either on the rate of collisions or on the 
distribution function prior to the collision. However, the rate of collisions critically 
depends on the distribution function before the collision. Furthermore, the RTA 
overlooks the fact that the nature of the scattering strongly depends on the non-
equilibrium distribution function. Therefore, the RTA is valid only when the collision 
process is clearly of little consequence. For example, in the case of high intensity or high 
frequency of external electric field approximations, conductivity can be derived by the 
RTA [27]. When the scattering process becomes dominant, the specific scattering 
mechanism should be considered when calculating the scattering probability. The total 
collision rate is described by the equation 2.27 [27], 
 
 
     
  
 
    
                       
   
          
            
(2.27) 
where      is a quantity related to the scattering probability and depends on the 
particular scattering mechanism. Again, the scattering rate can be related to the RTA and 
the relaxation time can be calculated as shown in equation 2.28, 
  
     
  
 
    
  
  
     
  (2.28) 
In summary, the conductivity in specific cases should be calculated from 
equations 2.25, 2.27, and 2.28. 
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2.5.3 Various carrier conduction theories far from the Dirac point 
The electrical transport properties of graphene far from VD are not yet clearly 
understood. As shown in equation 2.28, the transport mechanism depends on the 
scattering of carriers and varies according to the type of scattering.  
 The first theoretical calculation of the conductivity of graphene in this region was 
undertaken by Shon et al. [44]. In their calculation, the conductivity which is dominated 
by short-range disorder was constant.  The calculation revealed that the conductivity did 
not depend on the concentration of the disorder but did depend on the scattering length 
of scatterers as shown in 2.29, indicating that it is constant when a certain type of 
scatterer is fixed.  
   
   
   
 (2.29) 
In equation 2.29, a coefficient ( ) is a dimensionless parameter characterizing 
the scattering length.  
However, recent experimental results have shown different conduction behaviors 
in that the conductivity is linearly proportional to the carrier density [45, 46]. To explain 
a linear dependence of the conductivity on the carrier concentration, long-range disorder 
was introduced while successfully elucidating the conduction behavior [47-52]. The final 
result of the conductivity is described by equation (2.30), 
   
   
 
 
 
  
   (2.30) 
  
19 
 
where C is the product of mobility and density, a constant related to the scattering 
strength, and ni is the impurity concentration. Equation 2.30 also predicts that the 
mobility is inversely proportional to the concentration of the impurity, ni, which is in 
agreement with experimental results [46, 53] of linear dependence of the conductivity on 
carrier concentration. 
 Recently, equation 2.30 was modified to 2.31 by taking into account electron-
hole correlations [54] or by including the current-current correlation function [55] for 
calculating the conductivity, which is consistent with the minimum conductivity 
revealed in experiments.  
   
   
 
 
 
  
       (2.31) 
Although equation 2.31 sufficiently explains the transport properties far from VD when 
charged impurities dominate, it is not the best theory under other circumstances, such as 
when defects are generated by ion irradiation. As a result of Ar
+
 ion irradiation on 
graphene, defects, for example single and multiple vacancies, are generated, and the 
conduction mechanism is better explained by the strong disorder model [56]:  
   
   
 
 
  
         
 , (2.32) 
where R0 is the radius and ni is the concentration of the disorder. Adam et al. [57] 
considered a Gaussian potential varying smoothly on the scale of the lattice constant and 
predicted a dependence of σ on     , but so far no corresponding experimental result has 
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been reported. Currently, the conduction mechanism far from the VD can be explained 
mainly by long-range coulomb scattering due to charge impurities. In order to explain 
the electrical transport properties dominated by defects, which are induced by ion 
irradiation, the equation 2.32 is a better model than the equation 2.31. The theory from 
[57] might work for conduction induced by other kind of defects.  It is important to 
realize that different extrinsic properties affect the transport of charge carriers in 
different ways. 
2.6 Irradiation of graphene by electron beams 
Irradiation experiments of graphene with various radiation sources such as ions, 
photons, and electrons have been conducted extensively because irradiating graphene 
changes its chemical, physical, and surface properties.  
First of all, irradiation experiments with various light sources have been 
conducted. By exposing graphene to energetic UV, its electronic properties, chemical 
doping, and surface morphology are modified. The resistance of graphene due to the UV 
exposure is degraded [58], and the work function of the graphene FET device can be 
tuned [59]. In addition, the chemical doping behavior of graphene can also be changed 
by UV exposure [60]. High energy photons physically damage graphene. For example, a 
multi-layered graphene film was damaged by exposure to a 10keV X-ray source [61]. As 
a result of the photon irradiation, the surface layer of graphene was peeled off as shown 
by optical microscopy. In other experiments, graphene has been oxidized as a result of 
10keV and 1MeV X-ray exposure [61, 62].   
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Heavy ions are another irradiation source that can damage graphene. Previously, 
artificially induced structural defects had been studied by exposing graphene, carbon 
nanotubes or graphite to energetic ions or electrons. As 500eV Ne
+
 ions were irradiated 
on graphene, a Raman ‘D’ band, a signature of structural defects, appeared [63]. As a 
result of the structural defects induced by the ion irradiation, the electrical transport 
properties were degraded [63]. An image of a single defect created by Ar
+
 ion 
bombardment on graphene [64] and on a graphite surface were reported [65].  
Interaction of graphene with energetic electron beams is another interesting 
research field, which has been studied intensively. Because there is a great chance of 
graphene to be exposed to electron beams during fabrication and characterization 
processes by EBL, SEM, or TEM. A TEM image of a point defect on a graphene layer 
was first reported with electron energy of 120keV [66]. The theoretically calculated 
threshold energy for carbon atom ejection from graphene is around 86keV [67]. In a 
recent experiment, however, single and multiple defects as a result of 80keV-electron 
irradiation on graphene were observed by TEM [68]. According to their experiment, 
focused electron beams with a slightly lower threshold energy generated single and 
multiple defects by increasing the electron dosage. In another experiment with 60keV 
electron beam energy, a reduction in width of a graphene nano ribbon was observed 
[69]. 
 The idea that defects can be generated by energetic electrons with energy around 
or higher than the knock-on acceleration voltage is proven by experiments [66] and 
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theory [67]. However, the effect of electron irradiation on graphene is controversial. 
Electrical transport properties of graphene on SiO2/Si are modified after irradiation with 
electron beams with energy less than 30keV, which is far less than the threshold energy 
of displacement of carbon atoms. Although no direct experimental observation in atomic 
level has been reported yet, low energy electron beams (<30keV) generate defects in 
graphene, resulting in a deterioration of the transport properties. With regard to electron 
irradiation on graphene with electron beam energy less than 30keV, there have been a 
number of experimental and theoretical advances [70-85]. According to the theoretical 
and experimental results so far reported, the minimum threshold energy of electrons to 
eject a carbon atom in graphene is around 80keV. Irradiation of electron beams with 
energy less than 30keV revealed a Raman ‘D’ band, which is a signal that graphene 
contains defects, even though it is not clear yet whether the signals indicate atomic 
displacement of carbon or other types of defects such as molecular absorption. Recently, 
Xu et al. [70] showed that not only carbon atoms but also the entire graphene device can 
be etched by 10keV electron irradiation by AES. In two irradiation experiments with less 
electron energy than the threshold energy [68, 70], a removal of atomic carbon was 
observed by increasing the electron dosage. However, a relationship between the 
electron energy and the dosage leading to eject the carbon atoms from the lattices has not 
been studied yet. 
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CHAPTER III 
GRAPHENE DEVICE FABRICATION AND CHARACTERIZATION 
 
3.1 Graphene device fabrication 
The graphene flakes were transferred from the ‘ZYA’ grade HOPG onto SiO2/Si 
substrates with pre-patterned markers by mechanical exfoliation [6, 35]. The so called 
‘scotch tape’ method was used, which was the technique that Geim and Novoselov first 
used to fabricate a graphene FET device. They won the Nobel Prize in 2010 for their 
realization of a real 2D graphene device. Even though graphene flakes are transparent, 
the contrast of the graphene strongly depends on the thickness of the oxide layer. In 
order to maximize the visibility of graphene flakes, a 285nm-thick thermally grown 
oxide layer was employed [16] as a gate dielectric material. For back gate operation, 
heavily doped silicon wafers were selected. When graphene flakes are transferred onto 
substrates, multiple layers of graphene stacks or graphite can be screened by optical 
microscopy. Finally, a single layer of graphene is identified by Raman spectroscopy. 
Electrodes were defined by EBL, followed by thermal evaporation of Cr and Au. 
Searching for a perfectly isolated graphene is not always straightforward since other 
unwanted flakes or thick graphite interferes with the graphene FET device. In that case, 
graphene or graphite that interferes with device fabrication can be selectively removed 
by Reactive Ion Etch (RIE) by using a PMMA mask. 
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3.1.1 A reference marker pattern  
The first step to fabricate graphene FET devices is to make reference patterns on 
substrates prior to transferring graphene flakes from the HOPG. To fabricate the 
electrodes on graphene for transport measurements, pre-patterned markers are necessary 
in order to define the relative position of graphene flakes with respect to the reference 
pattern. It is because they are not visible during the FET device fabrication process. In 
addition, during electron beam lithography process, as an electron beam approaches the 
graphene flakes to find them, PMMA around it should be damaged, disrupting the 
electrode fabrication process. Therefore, to prevent unintended exposure of an electron 
beam on PMMA, the reference patterns are required. In particular, the pre-patterned 
reference marker structures serve as x and y axes in the substrates, which are necessary 
to calculate the position in the optical coordinate system.  
A schematic diagram of the reference pattern on substrates, and individual 
geometry are shown in Figure 5. The 1.5mm square area of the reference pattern was 
centered on substrates as displayed in Figure 5 (a). Pre-patterned markers were created 
in 1.5mm square area with coordinate numbers to avoid confusion during the EBL 
process as shown in Figure 5 (b) and (c). After transferring graphene flakes, the only 
ones distributed near the reference patterns could be selected for device fabrication. The 
optimized marker pattern reveals 150μm inter-distance and 20μm width of each marker. 
The entire reference pattern could be written by EBL followed by successive 
evaporation of Cr and Au.  
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Figure 5 Schematic diagrams of the reference patterns on substrate. (a) The 
reference patterns with area of 1.5*1.5mm
2
 are fabricated on the center of SiO2/Si 
substrates. (b) The patterned area is composed of 9 by 9 arrays with spacing 
150μm. (c) Individual array is composed of two perpendicular bars with coordinate 
numbers.  
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In the usual EBL process, alignment of an electron beam and focusing on the 
PMMA surface are critical to make fine structures. In particular, the quality of the 
pattern written by the EBL depends critically on a good focus. To gain a good focus on 
the surface, a scratch mark from edge of the substrate to center has been used because 
the actual EBL pattern can be written near the scratch after focusing on the scratch.  
Instead of traditional focusing process, which requires the artificial scratch mark, 
in this graphene project, focusing on PMMA surface was done at the edge of substrates. 
Once a contamination spot, which is a signature of good focusing on PMMA surface, 
was confirmed at the edge of the substrate, we operated the EBL stage to move to the 
center of the substrate with the electron beam turned off. Then, the testing spot was 
made by adjusting the focusing knob. Because the center of the substrate is far from the 
edge, the electron beam loses its focus, which should be adjusted on the center of the 
substrate again. However, at that moment, only fine adjustment was enough to recover 
the focus. The electron beam current and dosage during e-beam writing were 500pA and 
300μC/cm2, respectively. When the EBL process was successful, the pattern defined by 
the EBL was metallized by thermal evaporation. .  
3.1.2 Graphene flakes transfer 
Graphene flakes were transferred from the HOPG onto substrates that have array 
of pre-patterned markers using a sticky tape. In order to peel off the graphene from the 
HOPG, the sticky side of the tape was put on HOPG. Then, a large amount of graphene 
was taken to the tape. Graphene or graphite on the tape could be removed by putting the 
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tape on the other tape. This process had been repeated until a proper amount of graphene 
remained on the tape as shown in Figure 6 (a).  
In order to transfer graphene from the tape onto SiO2/Si substrates, the sticky 
side of the tape was put down on the substrate as shown in Figure 6 (b). When the tape 
was removed after rubbing the tape gently, various graphene or multi-layer of graphene 
flakes were transferred and remained on the substrates as shown in Figure 6 (c).  
After removal of the tape, substrates were cleaned with acetone, IPA, and DI 
water to remove residue of sticky materials. Because the contrast of the single layer of 
graphene on SiO2 (285nm) reaches up to 0.15 [16], a single layer graphene flake could 
be searched by an optical microscope. Candidates of single layer of graphene flakes 
could be identified using Raman spectroscopy [86].  
 
 
 
Figure 6 Graphene transfer from HOPG onto substrates. (a) Peeling off the bulk 
graphite from HOPG by the sticky tape. (b) Transferring graphene or graphite 
from the tape to substrate by rubbing gently on the tape. (c) Various single and few 
layers of graphene remain on substrates after removing the tape. 
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3.1.3 Electrical contact pads by electron beam lithography 
Electrical contact pads were defined by EBL, which is an important tool to 
fabricate micron or nanometer scale devices. In addition, it provides fast way to make 
complex and small patterns with high reliability [87]. In addition to those advantages, 
the EBL process makes it possible to do lithography without any mask while a 
photolithography process requires a mask. Another great advantage of the EBL is that it 
is simple to change pattern, which is critically important to fabricate graphene devices 
by the mechanical exfoliation technique because graphene flakes are randomly 
distributed through substrates. 
In order to define electrical contact pads for graphene devices, reference patterns 
were defined prior to the contact pads fabrication process. The reference pattern is 
required to define relative location of a graphene flake with respect to the reference 
marker to avoid damage of PMMA during the EBL process. Prior to the EBL process 
after transferring graphene flake onto substrates, SEM pictures of graphene near the 
reference pattern were obtained to find the relative location of graphene with respect to 
the reference pattern. An individual reference pattern is composed of two perpendicular 
rectangles to define the x and y axis within the substrate as shown in Figure 7.  
During the EBL process, there should be two different coordinate systems. A 
schematic diagram of the relationship between two coordinate systems is shown in 
Figure 7.  One is the ‘Stage axis’ that defines a rectangular coordinate system. In this 
coordinate system, the x and y axes are aligned to the stage movement axes. The other is 
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the ‘Optical axis’ that is defined by the reference pattern as shown in Figure 7. Because 
the stage of EBL moves along the ‘Stage axis’, the position of the graphene flake with 
respect to the reference in the ‘optical axis’ coordinate system should be transformed to 
the new coordinate, r(x, y), in the ‘stage axis’ coordination by equation 3.1 and 3.2.  
             (3.1) 
             (3.2) 
Here,   is an angle between two different coordinate systems, and    is an angle from the 
x axis to the graphene flake in polar coordinate system in the ‘optical axis’ as described 
in Figure 7. Both angles are obtained by equation 3.3. 
       
     
     
  
        
 
 
  
(3.3) 
Here, (x1, y1) and (x2, y2) are two points at corners in the reference patterned as marked 
in Figure 7 and can be obtained from the controller of the EBL stage. Once the location 
of the graphene in the ‘Stage axis’ is found, contact pads can be defined. 
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Figure 7 Geometry of graphene flake with respect to an individual marker after 
transferring of graphene from HOPG onto the substrate. Optical axes (black 
arrows) are defined within the substrate to locate the graphene flake relative to the 
reference. Stage axes (red dotted arrows) are defined along the stage movement 
directions.  
 
 
At a result of the EBL process, electrodes on graphene could be defined as shown 
in Figure 8 (a). In general, the EBL process allows making patterns in the area less than 
2mm square area. Because the electrode patterns defined by EBL were not large enough 
to make contact for wires, they were enlarged by an additional EBL process prior to 
metallization. In the second EBL process, additional extension legs and large contact 
pads to bond wires for transport measurements were patterned as shown in Figure 8 (b). 
Fabrication of graphene FET devices can be competed after metal deposition and lift off 
process.  
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Figure 8 Electrical electrodes defined on graphene by EBL after development but 
before metallization. (a) Electrodes patterns as a result of the first E-beam 
lithography. The biggest patterned area by the EBL is 1.5mm square. (b) 
Extensions and large contact pads with additional EBL processes.  
 
 
3.1.4 Graphene etch  
Graphene flakes are distributed through substrates when graphene is transferred 
from the HOPG by the mechanical exfoliation method. In other words, it is difficult not 
only to control specific locations of graphene flakes but also to find perfectly isolated 
graphene flakes near the pre-patterned markers. To enhance the yield of the graphene 
devices, a technique for selective removal of a single layer of graphene or graphite 
should be introduced.  
Reactive Ion Etch (RIE) is one way to etch materials with a dry gas. Thick 
graphene stacks or graphite can be etched out by the RIE with a PMMA mask. The RIE 
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process is conducted in a vacuum chamber as shown in Figure 9. Usually, a RF 
frequency electromagnetic field is applied between a substrate and an electrode to 
generate ions. Near the top electrodes, marked by green area in Figure 9, neutral 
molecules such as O2 or CF4 are ionized by oscillating electrical field. Electrons, which 
are generated in the RIE chamber and adsorb on inner wall of the chamber, are fed out to 
ground. However, electrons near substrates remain in the flatter under the substrate, 
generating a DC electric field. Due to the DC field, ionized molecules drift to the 
substrate and hit the surface of materials. Because graphene consists of a single layer of 
carbon atoms, it is easily removed by physical bombardment of oxygen ions.  
 
 
 
Figure 9 Schematic diagram of Reactive Ion Etch operation to etch graphene. 
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SEM images of the graphene device before and after the RIE etching process are 
shown in Figure 10. The graphene device was interfered with unintended flakes after 
fabrication of the device as shown in Figure 10 (a). The redundant graphite was etched 
out by RIE with the PMMA mask. As a consequence of RIE etching, only the selected 
area is etched, resulting in a graphene FET device as shown in Figure 10 (b).    
 
 
 
Figure 10 SEM images of graphene devices (a) before and (b) after RIE etching 
 
 
A flow diagram to make the PMMA mask for a RIE etching process is illustrated 
in Figure 11. The graphene flake chosen for device fabrication interfered with other 
graphene or thin graphite is shown in Figure 11 (a). Prior to RIE etching, the graphene 
flake chosen for device fabrication should be masked by PMMA and graphene or 
graphite which interfere with device fabrication should be irradiated by electron beams 
to remove the PMMA, which  can be completed by EBL (Figure 11 (b)). After 
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development, the only area which will be etched during the RIE process is exposed to air 
and removed by RIE. In the RIE process as shown in Figure 11 (c), both graphene and 
PMMA are etched out together but different etch rates. To avoid the entire removal of 
the graphene and PMMA, proper RIE power and time must be selected. In this project, 
the etching process was conducted with a power ranging from 20 to 50 watts for 40 
seconds. The graphene device after removal of redundant graphite is shown in Figure 11 
(d). Finally, residual PMMA can be cleaned off in acetone. 
 
 
 
Figure 11 The schematic diagram of reactive ion etch process of graphene. (a) A 
graphene flake is interfered with other graphene or graphite. (b) Making a PMMA 
mask by EBL. After EBL process, the only actual graphene device area is covered 
with PMMA. (c) In RIE, ions are accelerated to substrates and etch both PMMA 
and graphene and graphite. (d) The only graphene underneath PMMA remains 
with covered with PMMA which can be removed by acetone. 
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3.1.5 Suspended Graphene  
In order to investigate the influence of the oxide layer on a hysteresis and a n-
type doping behavior as a result of electron beam irradiation, suspended graphene 
devices were fabricated. Suspension of the graphene devices was achieved from the 
supported graphene on SiO2/Si by etching the oxide layer underneath the graphene as 
shown in Figure 12. The oxide layer was etched out in Buffered Oxide Etchant (BOE) 
which is a mixture of diluted HF (55%) and NH4F (40%) in DI water. The graphene 
devices on SiO2/Si were immerged in BOE for 10 minutes, and stayed in DI water for 
5minutes. When the etchant was washed out by the DI water, the water was replaced 
with IPA keeping the device wet. In order to avoid the collapse of graphene during 
drying process due to surface tension of the liquid, a critical point dryer was employed. 
The suspended graphene device is shown in Figure 12 which clearly reveals that oxide 
layer under the graphene was fully removed, and the graphene is attached to the 
electrodes. 
 
 
 
Figure 12 (a) Suspended graphene. (b) Magnified image of the suspended graphene 
zoomed into red dotted square in (a) 
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3.2 Fabrication and characterization tools 
3.2.1 Electron Beam Lithography 
The entire electron beam lithography procedure follows multiple steps introduced 
in block diagram in Figure 13. The first step of the lithography is to deposit PMMA, 
which is a commonly used electron resist material. This process is achieved by spinning 
substrates in the spin coater. The thickness of PMMA can be controlled by spin coating 
parameters such as spinning time and speed. PMMA concentration is also important to 
determine its thickness. In our experiments, 2% PMMA diluted in chlorobenzene was 
spun on substrates with a spinning speed of 4000rpm for 50 seconds, resulting in a 
PMMA film slightly higher than 100nm-thick. Soft baking is followed at 165°C for 1 
minute to dry the solvent.  
After soft baking, PMMA is exposed to an electron beam controlled by a 
Nanometer Pattern Generating System, which is the software to control the electron 
beams for specific irradiation dosage provided by the EBL manufacturer. During e-beam 
writing, energetic electrons irradiated on PMMA break long back-bone polymer chains 
into small pieces, but PMMA is still covered on the substrate. The fragmented pieces of 
PMMA as a consequence of the electron beam exposure are resolved in the developer, a 
mixture of MIBK/IPA, resulting in exposure of irradiated area into ambient air. After 
development, metallization is completed by metal deposition and lift-off.   
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Figure 13 Schematic diagram of the electron beam lithography process 
 
 
3.2.2 Raman spectroscopy 
Raman spectroscopy is an important technique to study graphene. In particular, 
the technique provides a reliable method to distinguish a single layer of graphene from 
multiple layers of graphene or graphite [86, 88]. In addition, the Raman signals provide a 
method to investigate defects generated in graphene such as atomic vacancies or 
molecular adsorption [74, 77, 79, 81, 89].  
When a light, which is an oscillating electric field, incidents into materials the 
electric field interacts with atoms in the materials. The electric field is expressed in terms 
of sinusoidal waves with its oscillating frequency by equation 3.4. 
              (3.4) 
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where    is the frequency of the incident light and    is the amplitude of the electric 
field. As a consequence of the interaction between the incident light and atoms in the 
materials, the incident light experiences elastic or inelastic scatterings in materials. Due 
to the scattering of the light with phonons, the polarizability of the material is 
determined by the phonon frequency as shown in equation 3.5. 
                 (3.5) 
where    and    are constants related to the characteristics of the material, and    is 
phonon frequency of the solid. Combining equations 3.4 and 3.5, the polarization can be 
expressed in terms of    and  , which is shown in equation 3.6, 
 
                 
 
 
             
 
 
 
               
(3.6) 
As a result of the interaction between the incident light with frequency of   and a 
phonon with frequency of  , the resulting lights have frequencies with    and       
by creating (negative sign, the Stokes process) or destroying (positive sign, the anti-
Stokes process) phonons as shown in equation 3.6. In the Raman scattering experiments, 
atomic or molecular vibrational modes of materials can be studied by detecting  , 
which is called a Raman shift.  
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 A typical Raman spectrum of the single layer of the graphene that has defects is shown 
in Figure 14 (a). The peak around 1320cm
-1
 marked ‘D’, which originates from 
‘Disorder’, appears only when the symmetry of the A1g vibrational mode is broken as 
presented in Figure 14 (c) [90]. For example, the Raman ‘D’ band appears when defects 
such as inhomogeneous adsorption of molecules or atomic vacancies in graphene make 
the A1g mode vibration asymmetric in the honeycomb lattice. Unlike the disorder peak, 
the ‘G’ peak comes from the intrinsic E2g vibrational mode, which is a lateral vibrational 
mode as depicted in Figure 14 (d). This vibrational mode is doubly degenerated along 
the x and y axis.  
A single layer of graphene can be identified by analyzing the ‘2D’ peak, which is 
also named ‘G`’. Unlike other Raman bands, this band occurs as a result of a 2nd order 
process named Double Resonance (DR) process as shown in Figure 14 (e). In this DR 
process, the excited electrons by incident light can be coupled with phonons. While these 
excited electrons scatter with phonons, they transit between K and K’ valleys in a 
reciprocal space, which is called inter-valley scattering. The scattered electron comes 
back its original position in a reciprocal space to conserve energy. During the DR 
process, only one possible energy state is available in the K and K’ valleys, indicating 
that only one possible Raman peak can be allowed. Therefore, the single 2D band of the 
Raman spectrum is a signature of the one atomic layer of carbons. In bilayer graphene, 
however, the valleys in the unit cell are doubled and the possible energy states can be 
increased up to four, indicating that the Raman 2D band is broadened by overlapping of 
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the four sub-peaks. With increasing layers of graphene, the number of energy states of 
electron during DR process increases, resulting in broadening of the 2D peak. In this 
sense, a single layer graphene can be distinguished from multilayers, and Raman 
spectroscopy provides a reliable and nondestructive method to identify the single layer 
graphene [86, 91]. 
 
 
 
Figure 14 Raman spectrum of a single layer graphene. (a) Typical Raman spectrum 
of a graphene which includes defects. In the spectrum, each band is indicated D, G, 
and 2D (b) 2D band of the Raman spectrum and Lorentzian fitting with Full Width 
Half Maximum less than 30cm-1, a signature of single layer of the graphene. 
Schematic diagram of the vibrational modes of (c) A1g and (d) E2g are shown, which 
corresponding to D and G bands in (a). Arrows indicate the direction of vibration 
at lattice points. (e) Schematic diagram of double resonance for the 2D band.  
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3.2.3 Atomic Force Microscopy 
Atomic Force Microscope (AFM) is a scanning microscope to sense the force 
between the sharp tip and a surface of material. There are two operational modes, 
contact and non-contact. In contact mode, the tip scans the sample by touching the 
surface, and the tip is deflected according to the force between the tip and sample. The 
deflection of the cantilever is monitored by the laser and the proper position of the tip is 
adjusted by a feedback signal. In non-contact mode, the AFM cantilever oscillates with 
its free amplitude (A) and resonance frequency (  ). As the tip approaches the sample, 
the amplitude or the frequency is changed. The feedback signal adjusts the vertical 
position of the tip, recovering the amplitude or frequency of the tip. The feedback 
system records the vertical distance from the sample and provides a map of surface 
morphology. Not only topography but also a phase change of the oscillating cantilever 
reveals important information to figure out the surface of materials. To understand the 
phase shift of non-contact mode (tapping mode), it is important to know how the phase 
angles of cantilever oscillation are related to the force between the cantilever and 
sample. The motion of the oscillating cantilever derived by sinusoidal electrical signals 
in AFM is equivalent to the forced harmonic oscillator [92, 93]. The phase (ϕ) of the 
freely oscillating cantilever can be expressed as 
         
    
        
    (3.7) 
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where  is mass,    is resonance frequency of the cantilever,   is vibrating frequency 
of the cantilever when the tip interacts with a sample, and Q is the quality factor or Q 
value. The ϕ varies from –
 
 
 to 
 
 
 depending on the argument in arctangent function in 
equation (3-7) and is 
 
 
 for    . When the oscillating cantilever approaches the 
material surface, as a result of the interaction between the tip and the surface, the spring 
constant k is replaced with keff = k + σ. Here, keff is effective spring constant, and σ is the 
force derivatives with respect to the vertical distance as shown by 
 
  
  
  
  
 (3.8) 
where F represents forces from the tip-sample interaction, and z is the vertical 
distance between the tip and the sample surface  [92]. The ϕ changes to ϕ0 due to tip-
sample interaction, and ϕ0 simplified to equation 3.9 under the condition, σ << k,  
       
   
    
          
          
 
  
    (3.9) 
The phase shift (Δϕ) measured from the AFM is the phase difference between the 
phase in free oscillation ϕ (ω= ω) = π/2 and ϕ0, which can be simplified for small σ such 
as 
    
 
 
       
 
  
  
  
 
   (3.10) 
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The phase shift is a function of σ, which is the result of the tip-sample 
interaction. According to equations 3.9 and 3.10, a positive (repulsive force) and a 
negative (attractive force) σ values induce a positive and a negative phase shift, 
respectively. In tapping mode, Δϕ is determined by σ, which is approximated to the 
stiffness (S) of surface by equation 3.11, 
    
 
 
      (3.11) 
where <S> indicates the time-averaged value of the stiffness of the sample 
surface [92, 94]. Equation 3.11 reveals that Δϕ is determined by the stiffness of the 
sample, indicating that the phase shift data from AFM is corresponding to the stiffness of 
the surface. The phase shift does not depend on the sample morphology but depends on 
the materials properties such as chemical composition or physical hardness. Because the 
morphology and phase signals are originated from different characteristics of materials, 
they are complementing each other to understand the surface properties of a certain 
material.  
The AFM images of the morphology and the phase shift from graphene surface 
are shown in Figure 15. In particular, the surface morphology and the phase shift images 
of graphene zoomed into the red dotted square area are shown from (b) to (e). In a 
certain circumstance, the morphology images as shown in Figure 15 (b) and (d) alone do 
not provide useful information because the height contrast on the materials is negligible. 
With the help of the phase data shown in Figure 15 (c) and (e), however, the existence of 
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adsorbates on the graphene becomes clear because adsorbates are chemically different 
from graphene. Furthermore, the phase images allow us to observe the development of 
the surface state due to electron irradiation. In investigating nanometer scale structure or 
different chemical composite, for example biological materials or organic-inorganic 
interfaces, the phase images provide clear insight into the surface of materials. In 
particular, the phase shift mappings from biological or chemical surfaces reveal clear 
images even though the morphology images are blurry [92, 95]. 
 
        
 
Figure 15 AFM images of graphene FET device. (a) Morphology of graphene FET 
device. (b) Morphology and (c) Phase shift of pristine graphene zoomed into red 
dotted square area. (d) Morphology and (e) Phase shift after electron irradiation of 
2mC/cm
2
. 
  
45 
 
3.2.4 Electrical transport properties  
The transport properties measurement system was designed to conduct 
measurement while the graphene device was stayed in the EBL chamber (JSM-6460) to 
investigate the effect of electron irradiation on graphene as shown in Figure 16. An 
electrical heater (Ultramic 600 heater) was installed to clean pristine graphene and study 
the annealing effects of graphene FET devices after electron irradiation. The transport 
properties of graphene FET devices were measured at room temperature in a high 
vacuum environment. While the transport measurements were conducted, gate voltage 
was applied between the I- electrode and the silicon substrate. Both resistance and gate 
voltage signals were received by two voltmeters (HP 3478A and KE 199), which were 
connected to a computer by General Purpose Interface Bus (GPIB) cable. Both signals 
from voltmeters were handled by the Labview and saved in a computer simultaneously.  
 During transport measurement, a small signal, ~100nA of Vp to Vp sinusoidal 
wave, is generally recommended as the excitation current in order not to induce local 
heating, which alters carrier transport behavior in graphene. In this small scale of 
electronic signal, the amplification of the small signal and filtration of background noise 
is required. To satisfy those requirements, a lock-in amplifier (PAR, 124A) is employed 
for transport measurements. A block diagram of transport measurement by a lock-in 
amplifier is shown in Figure 17. The AC excitation current is generated by the lock-in 
amplifier and induced to graphene through electrodes I+ and I- in Figure 16. At the same 
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time, potential difference (Vin = V+ - V-) goes to a lock-in amplifier passing through a 
pre-amplifier.  
 
 
 
Figure 16 Blcok diagram of in-situ transport measurement system in a vacuum 
after electron beam irradiation. Graphene device stays on an electrical heater. 
Electrical wires are connected through a vacuum feedthrough. 
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Figure 17 Block diagram of a lock-in amplifier. Blue dotted box represents lock-in 
amplifier. Pre-amplifier is attached to input channel to amplify signal and reduce 
noise. 
 
 
Vref and Vin are sinusoidal waves represented by equation 3.12 and 3.13. 
                        (3.12) 
                          (3.13) 
Here, subscripts I and R represent ‘in’ and ‘ref’, and V,    indicate amplitudes, 
angular frequency, and the phase of signals, respectively. n(t) represents random noises 
due to noise and electrical interference. After Vin passes through the mixer in the lock-in 
amplifier, the intermittent signal is represented by a multiple of Vin and Vref shown by 
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=                                               
         
(3.14) 
The product           is always zero in the final output because the average 
value of a sinusoidal function is zero. A low pass filter cuts off at a frequency less 
than  , which indicates that the high frequency component should be disappeared in 
the out signal. When the          is zero, the resulting Vout has only the DC 
component, which is proportional to the amplitude of input voltage (    and depends on 
phase difference between input and reference signals (   as shown in equation 3.15, 
                                  (3.15) 
Another important feature that the AC measurement technique allows us is to test 
the contact state between graphene and electrodes. Because the lock-in amplifier uses the 
AC current through graphene devices, it provides the phase shift with respect to the 
reference signal. Therefore, a measurement between a pair of electrodes, which is shown 
in Figure 18 (a), reveals the phase shift, a measure of contact between graphene and 
electrodes. The value of the phase shift changes to -90° with increasing the capacitive 
component in the electrical circuit, which mainly originates from the insulating layer 
between graphene and electrodes. In this project, the phase shift within 3° is tolerated. 
Therefore, only the devices showing good contact are allowed to do electrical transport 
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measurement. In order to improve electrical contacts, wide electrodes are beneficial. 
Although the width of electrodes depends on each device, width of electrodes of V+ and 
V- is increased and reached up to 1um for certain devices. The length of the graphene to 
convert from a resistance to a resistivity is measured between centers of the potential 
probes as shown in Figure 18 (b). 
    
 
 
Figure 18 (a) Schematic diagram of contact states verification. (b) Definition of the 
channel length of graphene. 
 
 
In actual transport measurements, a graphene FET device was wired to a lock-in 
amplifier, which makes it possible to extract small signals in the presence of noise. In 
order to prevent local heating of graphene by the excitation current during the transport 
measurement, 100nA was induced through graphene. The four-probe measurement 
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technique was introduced to remove the contact resistance between electrodes and 
graphene as shown in Figure 19 (a). The AC current was induced between the I+ and the 
I- electrodes, and the voltage between two potential probes was measured and converted 
to resistance by ohm’s law. A Resistance was measured during carrier concentration, 
which was modulated by the gate voltage as shown in Figure 19 (b). 
 
 
 
Figure 19 (a) Schematic diagram of 4-probe measurement with gate voltage 
application of the graphene device. (b) Resistance, (c) conductivity, and (d) mobility 
data of the graphene is displayed. The insets in (b) indicate Fermi levels 
corresponding to electrons and holes according to the gate voltage. 
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 The carrier density, n, was modulated by applying a gate voltage and expressed 
in terms of the gate voltage and the capacitance of the dielectric layer as shown in 
equation (3.16). 
          (3.16) 
Here, e is the electron charge, Cox is the capacitance of the oxide layer, and Vg is 
the gate voltage. In contrast to common semiconductors, both holes and electrons can be 
tuned to be a majority carrier by manipulation of the gate voltage, indicating that the 
Fermi energy, Ef, can be controlled by the applied gate voltage. When the positive gate 
voltage was applied, electrons were accumulated on graphene, locating the Ef above the 
origin as shown in the inset of the Figure 19 (b). Meanwhile, holes served as a majority 
carrier for the negative gate voltage, lowering the Ef below the origin.  
Although the averaged charge concentration is zero at VD, the conductivity 
reveals the universal nonzero minimum value, which stems from formation of hole and 
electron puddles. All the graphene devices fabricated in the cleanroom reveals p-type 
doping behaviors as shown Figure 19 (b), which is in accordance with a previous report 
that graphene supported by SiO2/Si substrates reveals the p-doping behavior before 
annealing and converts to the n-type as a result of annealing [96].  
Making use of the channel length (L) and the width (W), which are defined in 
Figure 4, a conductivity and a mobility can be derived from the measured resistance as 
shown in equations 3.17 and 3.18. 
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 (3.17) 
   
 
   
 
 
           
 (3.18) 
Here, σ is the conductivity, ρ is the resistivity, n is the carrier concentration, e is 
the electron charge, Cox is the capacitance of the oxide layer between the Si and the 
graphene, VD is the Dirac point, Vg is the gate voltage applied, and μ is the carrier 
mobility. The conductivity and the mobility derived from the measured resistance are 
plotted in Figure 19 (c) and (d). 
3.2.5 Annealing effect of graphene  
Graphene devices fabricated by the mechanical exfoliation technique have 
chances to be contaminated by a sticky material from the scotch tape and chemical 
residue from PMMA during the device fabrication process. These kinds of contaminants 
change the intrinsic properties of graphene devices. In particular, transport properties of 
the graphene devices can be deteriorated by an increase of resistance. Moreover, the 
asymmetric feature of the transport properties between holes and electrons dominated 
conduction regions are related to the contamination of graphene as shown in Figure 20. 
In order to clean graphene devices in a vacuum, an electrical heater was installed to 
anneal the graphene devices in the EBL chamber. To prevent damage of the EBL 
system, heating the device was limited to 200°C for 10 minutes. We observed that 
transport properties of graphene devices were improved by the short term annealing at 
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200°C in a vacuum as shown in Figure 20. The low quality graphene devices reveal the 
asymmetric transport behavior between holes and electrons dominated conduction 
regions such as a high magnitude of resistivity, and a P-type doping behavior [18] as 
plotted by the black curve in Figure 20 (a). As the graphene device was cleaned by 
annealing at 200° for 5 minutes, the VD moved toward the negative gate voltage, and the 
magnitude of resistivity was reduced. Although the asymmetric nature of resistivity 
slightly remained after annealing, it revealed the enhanced transport behaviors, 
indicating that annealing of the graphene device at 200°C is effective to clean it in our 
project.    
 
 
 
Figure 20 Annealing effects of graphene FET devices on transport properties. 
Annealing was conducted at 200°C in vacuum of 2*10
-5
 Torr.        
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In order to investigate annealing effect further, surface morphology was 
measured by AFM and compared before and after annealing graphene as shown in 
Figure 21.  
 
 
 
Figure 21 AFM images of graphene before and after annealing (a) 10um scale 
image. (b) 3D surface morphology of pristine and (c) annealed graphene. (b) and (c) 
are scanned from graphene indicated by red dotted square in (a) 
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Not all graphene devices reveal remarkable dirty materials but residue remains 
on the graphene surface even after cleaning with IPA and acetone.  The height of the 
dirty materials reaches 4nm as shown in Figure 21 (b), which is thicker than the 
thickness of graphene measured by AFM. Although ideal thickness of graphene is 
0.35nm, the height of the graphene reported from AFM experiments ranges from 1.6 to 
2nm. After cleaning the graphene by annealing at 200°C for 10 minutes, most of the 
residue was removed and the surface of the graphene was cleaned and flattened with the 
maximum height of the residue is less than 0.6nm as shown in Figure 21 (c). Transport 
properties in Figure 20 show improvement as the surface of the graphene devices is 
cleaned by annealing, which is a consistent result with AFM images in Figure 21. The 
AFM data further supports the idea that short term annealing in our measurement system 
is enough to clean the device.  
  
56 
 
CHAPTER IV 
THE EFFECT OF ELECTRON BEAM IRRADIATION ON A PMMA/GRAPHENE 
DOUBLE LAYER
*2
 
 
4.1 Motivation 
Because graphene is a single layer of atomic carbon and affected by defects or 
surface adsorbates, the effects of bombardment by energetic particles such as ions [63, 
64], photons [61], and electrons [76, 79, 81] should be studied. As a result of energetic 
ions or electrons irradiation on graphene, graphene can be damaged, causing degradation 
of electrical transport properties. There are many chances for the graphene to be exposed 
to electron beams during device fabrication and characterization, therefore it is important 
to elucidate the effect of the e-beam irradiation on graphene and that effect has not been 
studied yet. Because EBLs are widely used for device fabrication and PMMA is a 
common electron-resist used during e-beam lithography, the local alteration of the 
PMMA/graphene bilayer, a stack of PMMA on top of graphene, as a result of exposure 
to energetic electrons is of particular interest. Even though the influence of electron 
irradiation on bare graphene has been studied, the impact of electron irradiation on 
PMMA/graphene bilayers and related changes of the electrical transport properties of 
graphene FETs have not yet been established. In this chapter, we present modified 
                                                 
*
 Part of this chapter is reprinted with permission from “The effect of electron induced hydrogenation of 
graphene on its electrical transport properties” Sung Oh Woo and Winfried Teizer, Appl. Phys. Lett. 103, 
041603 (2013): Copyright © 2013 American Institute of Physics.  
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electrical transport properties of the GFET devices due to electron irradiation on 
PMMA/graphene bilayer systems.    
4.2 Experimental procedure 
A schematic diagram of experimental procedure is shown in Figure 22. We 
prepared the graphene FET devices by mechanical exfoliation as introduced in chapter 
III, and Figure 22 (a) shows the pristine graphene. PMMA was spun on the graphene 
device as shown in (b) and baked on a hot plate at 165°C for 3minutes. Then, the 
PMMA/graphene bilayer was irradiated by electron beams with 30keV and 10pA. The 
Nanometer Pattern Generation System (NPGS) in EBL controlled the electron beam 
precisely, as shown in Figure 22 (c). The entire PMMA/graphene flake was exposed to 
electron beams, and the irradiated area was confirmed after development of PMMA by 
optical microscope. Finally, the PMMA was cleaned off by immersing the flake in 
acetone, and then the transport properties were measured in a high vacuum. The 
schematic diagram of transport measurement after removal of PMMA is revealed in 
Figure 22 (d). In order to investigate the effect of the electron beam irradiation on 
PMMA/graphene on transport properties of graphene after removal of the PMMA, 
processes from (b) to (d) were repeated with electron irradiation doses such as 0.4, 2, 
and 7mC/cm
2
.     
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Figure 22 Schematic diagram of experimental procedure. (a) a pristine graphene 
FET device, (b) PMMA/graphene bilayer on a substrate, (c) electron irradiation on 
the PMMA/graphene, and (d) transport measurement in a vacuum after electron 
irradiation on PMMA/graphene and subsequent removal of PMMA. 
 
 
4.3 Results and discussion 
Characteristic properties of pristine graphene are shown in Figure 23. An optical 
microscope image of the graphene FET device is shown in Figure 23 (a). The length of 
the graphene flake reaches about 30μm, and the area irradiated after PMMA coating is 
marked by the green dotted square. The Raman spectrum in Figure 23 (b) reveals that 
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the graphene device does not have a Raman ‘D’ band, indicating that the pristine 
graphene does not have defect signatures from structural disorder or molecular 
adsorption. The Lorentzian fitting of the Raman ‘2D’ peak in the inset identifies the 
flake as a single layer graphene because the 2D band shows a single peak nature with 
Full Width Half Maximum (FWHM) less than 30cm
-1
 [86, 91]. The mobility of the 
pristine graphene reaches up to 10
4
cm
2
/Vs with a carrier concentration above 10
12
cm
-2
 at 
room temperature, indicating that the graphene is a high quality single layer graphene. 
Resistivity data of the pristine graphene device measured in various conditions are 
shown in Figure 23 (d).  
In ambient air, the graphene device revealed that the VD was located at higher 
gate voltage than 20V, indicating the P-type doping of the graphene, which was in 
accordance with the graphene devices fabricated on SiO2/Si substrates [89, 97, 98]. In 
addition, the values of VD were different when the gate voltage swept up and down. The 
hysteresis of the gate voltage in ambient condition stems from environment molecules 
adsorbed on the graphene device. As the graphene device had stayed in a high vacuum 
for six hours, weakly bound adsorbates were removed, and the hysteresis disappeared. 
However, the mobility of the graphene was not remarkably improved even after removal 
of the air adsorbates on graphene as shown in Figure 23 (c).  
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Figure 23 Properties of pristine graphene. (a) Optical microscope image of the 
pristine graphene device. Green dotted square is irradiated area by electron beams. 
(b) Raman spectrum of the pristine graphene. Magnified 2D band and its 
Lorentzian fit with FWHM of ~26.13 cm
-1
 are inserted as inset. (c) Mobility and (d) 
resistivity of the pristine graphene in ambient condition, vacuum, and annealed. 
Abbreviations ‘A’, ‘U’, and ‘D’ indicate ‘Ambient’, ‘Up’, and ‘Down’, respectively.   
 
 
Once the graphene was annealed around 200°C for 5 minutes in a vacuum, the 
initial P-type doping behavior was inverted to the N-type, which was the result of 
removal of environment molecules adsorbed on graphene and in agreement with 
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previous work [97]. Even after removal of the environmental molecules at high 
temperature, the VD was not at the gate voltage of zero, an indication of the existence of 
another contribution to the biased doping. As the device was exposed to ambient air, the 
transport curve recovered its initial properties. Therefore, in addition to other possible 
factors, the initial P-type doping behavior was dominated by environmental molecules 
adsorbed on top of the graphene. Moreover, the hysteresis appearing in ambient 
condition originated also from environmental molecules adsorbed on top of the 
graphene, because it disappeared when they were removed by the vacuum or annealing 
effects. In carbon nanotubes, the hysteresis is explained by polar molecules such as H2O 
surrounding the carbon nanotube [99]. In graphene, the hysteresis is attributed to charge 
traps located between graphene and the gate oxide [89, 100] or charge transfer between 
graphene and adsorbates [100-102]. In this respect, we conclude that environmental 
molecules adsorbed on the graphene surface contribute to both initial P-type doping 
behavior and hysteresis appearance. 
Electrical transport properties of the PMMA/graphene bilayer without electron 
irradiation are investigated in order to study the effect of PMMA on graphene. The 
resistivity of the PMMA/graphene bilayer before soft baking in Figure 24 (a) reveals a 
discrepancy of the CNP while sweeping up and down the gate voltage.  
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Figure 24 Electrical transport properties of PMMA/graphene bilayer without 
electron irradiation. (a) Resistivity shows hysteresis only in the device prior to soft 
baking. (b) Raman spectrum of the PMMA/graphene bilayer. (c) Resistivity of the 
PMMA/graphene bilayer after soft baking at 165°C for 3 minutes. (d) Mobility of 
the PMMA/graphene device before and after soft baking. The abbreviation “SB” 
means soft baked, and “Up” and “Down” indicate the direction of the gate voltage 
sweep, increase and decrease, respectively. 
 
 
However, transport properties reveal improvement due to PMMA layer on the 
graphene when the PMMA bilayer is compared with the bare graphene device in Figure 
23. In addition, the Raman spectrum of the PMMA/graphene bilayer does not reveal the 
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‘D’ band, a signature that PMMA layer on top of the graphene does not impede carrier 
transport as a result of interaction between graphene and PMMA solution. When the 
graphene device with the PMMA is baked at 165°C for 3 minutes, not only the CNP of 
the device is shifted toward negative value as shown in Figure 24 (c), which is the same 
behavior as the graphene device is cleaned by annealing, but also the magnitude of the 
mobility is enhanced. Because the hysteresis disappeared and the CNP shifted to a lower 
gate voltage value during soft baking, we suggest that the enhanced mobility is the result 
of evaporation of the environmental molecules from the graphene surface. Furthermore, 
we observed that PMMA serves as a protection layer of graphene from environmental 
molecules during the transport measurement, which is a remarkable characteristic of 
PMMA because it allows the graphene devices to operate in ambient conditions without 
losing its novel electronic properties.  
 After electron irradiation on the PMMA/graphene double layer and subsequent 
removal of PMMA, we observed that the Raman ‘D’ peak appears, and the relative 
intensity of D versus G, ID/IG, depends on the prior electron dose as shown in Figure 25 
(a) and (b). In order to investigate the effect of the electron irradiation on 
PMMA/graphene on the transport properties, we extracted mobility data depending to 
the electron dosages. Equation (3-7) was used to derive the carrier mobility, and the 
induced charge concentration is calculated by equation (3-6). The value of the 
capacitance of the gate oxide is about 11.6nF/cm
2
 [103]. We observed that irradiation 
with electron dosages comparable to the amount used in typical EBL (400uC/cm
2
) does 
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not affect the transport properties of the graphene devices significantly as shown in 
Figure 25 (c). However, as the electron dosage increases, the mobility declines through 
the entire range of carrier concentration. Upon annealing the device, the mobility was 
recovered significantly, which is in agreement with corresponding Raman data that ID/IG 
decreases during annealing in Figure 25 (b). The transport behavior was similar to gas 
adsorption experiments in that transport properties changed as a result of gas adsorption 
and recovered as the adsorbates was removed [22]. In order to investigate the charge 
doping behavior, electron irradiation control experiments were conducted on bare 
graphene FET devices. As the electron beam irradiated in a single layer of graphene, the 
VD shifted towards negative values, and the amount of the shift depended on electron 
dosage as shown in Figure 25 (d), which is the same behavior of the graphene devices 
from reported experimental results [79, 81] and is a signature of charge doping 
depending on electron dosage. Unlike irradiation on bare graphene, the shift of the VD 
due to electron irradiation on the PMMA/graphene bilayer did not depend on the 
electron dosage, and the CNP remained around the origin even after successive 
irradiations. In other words, even though the amount of molecular adsorption increased 
based on Raman data as shown Figure 25 (a) and (b), the amount of charge doping did 
not change, which is an indication of neutral adsorbates.  
The Raman ‘D’ band appears due to the asymmetry of the A1g mode in graphene 
[90]. This asymmetry is caused by structural disorder or atomic/molecular adsorption on 
graphene. Displacement of carbon atoms due to electron irradiation is not a plausible 
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scenario because electron beams with energy of 30keV are irradiated on the 
PMMA/graphene bilayer. This energy is far less than the established threshold energy 
(>86keV) to eject carbon atoms from their lattice points [66, 68]. Furthermore, the 
majority of electrons might lose their energy by scattering in the PMMA layer before 
arriving on the graphene.  
A more plausible scenario of the Raman ‘D’ band appearance is due to 
adsorbates on graphene as a result of electron irradiation on PMMA/graphene. Various 
radicals such as H2
+
, CO
+
, and CO2
+
 are generated by electron irradiation on PMMA 
[104]. In particular, graphene is hydrogenated due to electron irradiation on a Hydrogen 
Silsesquioxane (HSQ)/graphene bilayer [105]. In the electron irradiation on 
HSQ/graphene experiment, energetic electrons broke Si-H bonds in HSQ, and the 
hydrogen generated during the irradiation was then bound to graphene. Another 
experiment proposed that graphene could be hydrogenated due to fragmentation of H2O 
adsorbates on graphene by exposing it to an electron beam [106]. Therefore, we argue 
that the Raman ‘D’ band, which appears after electron irradiation on the 
PMMA/graphene bilayer and subsequent removal of PMMA, is ascribed to the 
adsorption of fragmented hydrogen molecules or radicals from PMMA during the back 
bone secession process on top of graphene.  
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Figure 25 Properties of the graphene FET device after electron irradiation on 
PMMA/graphene and subsequent removal of PMMA. (a) Raman spectroscopy data, 
(b) ID/IG, (c) mobility, and (d) VD of the graphene device depending on electron 
doses irradiated. 
 
  
In this chapter, we have described the result of the electron irradiation on 
PMMA/graphene bilayer. In particular, electrical transport properties for pristine 
graphene, PMMA/graphene bilayers prior to electron irradiation and graphene devices 
after irradiation on PMMA/graphene with subsequent removal of PMMA. The 
PMMA/graphene bilayer prior to electron irradiation reveals no Raman ‘D’ band and 
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enhanced transport properties, indicating that the PMMA does not interfere with the 
graphene crystal lattice and serves as a protection layer for graphene from the 
environment. Upon electron irradiation on the PMMA surface, graphene was 
hydrogenated during the PMMA depolymerization process. As a result of electron 
induced hydrogenation of graphene device, their electrical transport properties 
deteriorated. 
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CHAPTER V 
ELECTRON BEAM IRRADIATION ON GRAPHENE  
 
5.1 Motivation 
Graphene is a material that is vulnerable to damage from bombardments of 
energetic particles. Deterioration of the transport properties of graphene FET devices has 
been reported due to irradiation from various particles. These include photons [61], ions 
[63], and electrons [66, 81, 88]. Direct observations of atomic defects induced by ions in 
graphene have been shown by STM experiments [64]. Changes in the transport 
properties had also been reported as a consequence of damage induced by ion beams 
irradiation [63]. Graphene FET devices experience dynamic changes in their transport 
properties due to irradiation of electron beams with energy less than 30keV (low energy 
region) and moderate dosages
23
 [79, 81]. Experimentally, atomic deficiency in graphene 
due to electron irradiation has been observed only when the electron energy is higher 
than 80keV [66, 68]. In those experiments [66, 68], atomic defects in carbon lattices 
were observed only when an extremely high dose of electrons is used (> 10C/cm
2
). 
Theoretically, the threshold energy to eject carbon atoms from graphene is 86keV [67], 
indicating that low energy electron beams rarely create atomic defects. Therefore, 
changes of transport properties in graphene devices as a result of electron beam 
                                                 
2
 Typical electron dosage during EBL ranges from 0.2 to 0.4mC/cm
2
. In this project, electron dosages less 
than 10mC/cm
2
 are considered as moderate when compared to electron dosage more than 10
3
mC/cm
2
 
during TEM for direct observation of lattice defects  
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irradiation with moderate electron dosage are not ascribed to the atomic defects. 
Although atomic defects rarely occur in graphene due to irradiation of electrons with 
energy less than 30keV, the defects signal, a Raman ‘D’ band, appears after irradiation 
of various ranges of electron beam energy from 100eV to 30keV [79, 83]. Furthermore, 
graphene devices reveal deterioration of transport properties when irradiated by those 
low energy electron beams [79, 81]. From modification of transport properties and 
Raman spectroscopy data, it has been believed that electron beams damage the graphene, 
altering the crystal structure [76]. However, no clear evidence has been reported as to 
whether graphene experiences lattice defects or a modification of the crystal structure 
due to low electron beams irradiation. 
 Electron beam irradiation on graphene is hardly avoidable because SEM/EBL or 
TEM are important tools during graphene device fabrication and characterization, 
indicating that graphene might be exposed to unintended electron beams during the 
fabrication or characterization processes. Furthermore, electron beams are used to 
functionalize graphene for use as sensors for biomaterials. For example, graphene 
devices with nanopores formed by electron beams have been attempted to use for DNA 
sequencing sensors, which detect changes in transport properties [107, 108]. Therefore, 
it is important to understand effects of electron beams irradiation on graphene. 
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5.2 Results and Discussions 
In order to study the transport properties of graphene FET devices as a result of 
electron irradiation, we irradiated graphene with 30keV energy electron beams. As the 
graphene was irradiated by electron beams with electron dosage of 0.4mC/cm
2
, the 
device revealed changes in the transport properties such as appearance of hysteresis, 
charge doping, and dynamic changes of entire transport curves. These happened when 
the irradiated graphene devices kept in a vacuum or were exposed to ambient air or 
specific gases. Two representative transport curves after electron irradiation on graphene 
are presented in Figure 26. Generally, our pristine graphene device shows a P-type 
doping behavior (VD > 0V) and do not reveal hysteresis when keep in a vacuum, as 
already shown in Figure 23 (d). Upon irradiation, VD shifted toward negative gate 
voltage value (~-50V), indicating that the graphene device was immediately doped with 
negative charges and converted from the P- to the N-type doped device, as shown in 
Figure 26. The charge concentration doped due to electron irradiation is calculated by 
equation 5.1, 
  
  
    
   (5.1) 
where     is change of the Dirac voltage due to electron irradiation, Cg ~11.6nF/cm
2
 is 
the capacitance of SiO2, n is charge concentration induced by electron irradiation, and e 
is the elementary charge. After 0.4mC/cm
2
 of electron irradiation, the VD was decreased 
by ~50V, indicating that graphene was doped with electrons with a concentration of 
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4.14*10
12
/cm
2
. The areal dose of electrons irradiated on graphene (0.4mC/cm
2
 ~ 
2.5*10
15
/cm
2
) was higher than actual charges doped in graphene (4.14*10
12
/cm
2
), 
indicating that a negligible amount of electrons contributed to electron doping in 
graphene. In addition to charge doping, the irradiated graphene also revealed hysteresis 
in the transport properties when sweeping the gate voltage up and down. Furthermore, 
the transport properties, including VD and hysteresis of graphene after electron 
irradiation, changed dynamically as the irradiated graphene kept in a vacuum. 
 
 
          
Figure 26 Representative transport properties of graphene devices after electron 
irradiation. The energy of electron beam is 30keV, and electron dose is 0.4mC/cm
2
. 
Arrows indicate direction of gate voltage sweep. Black and red curves are 
measured after 1h and 48h after irradiation while the graphene stay in vacuum. 
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 To study dynamic changes in transport properties of graphene as a result of 
electron irradiation, we monitored the irradiated graphene in a vacuum for 48 hours. 
While the graphene device stayed in a vacuum after electron irradiation, the VD 
continued to increase, and conductivity was decreased as shown in Figure 27 (a) and (b).  
 
 
 
Figure 27 Transport properties of the graphene device in vacuum for 48 hours after 
electron irradiation. (a) Conductivity with linear fits, (b) VD, Down, (c) slope of linear 
fit from (a), and (d) magnitude of hysteresis which is defined by difference of Dirac 
points while gate voltage is swept up and down (VH = VD, Down-VD, UP). 
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When the VD reached its negative maximum gate voltage value marked as ‘0h’ in 
Figure 27 (a), it began to recover back toward positive a gate voltage value while in a 
vacuum. This indicates that the charge doping effect induced by electron beam 
irradiation was reduced by the vacuum effect. In addition to a reduction of the magnitude 
of conductivity, a slope of conductivity in the linear region of σ-Vg relation is another 
measure of charge doping in graphene. Dotted lines in Figure 27 (a) are linear fittings 
extracted from the linear region of conductivity data, and magnitudes of the slopes are 
marked in Figure 27 (c). As the duration of time graphene sits in a vacuum after electron 
irradiation increases, the slope also increases. This can be interpreted as a reduction of 
charged electrons in graphene. The Relationship between the slopes and the 
concentration of charged impurities is described by the equation 2.30,   
   
 
 
 
  
  
    , which implies that a slope of conductivity in the σ-Vg relation far from the VD is 
inversely proportional to the concentration of electrons doped in graphene. Therefore, 
alteration of slopes of the linear fittings in the conductivity data is caused by changes in 
a charge concentration.  
Another interesting feature of the conductivity as a result of irradiation is that 
flattened and widened plateau becomes narrow as time passes in a vacuum. By 
comparing ‘0h’ and ‘48h’ in Figure 27 (a), the transport curve marked ‘1h’ is wider than 
‘48h’ near the VD, which is also deduced from variation of slopes far from the VD. At the 
VD, which is a gate voltage where an average charge concentration is zero, the 
conductivity does not drop to zero because hole-electron puddles contribute to 
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conduction [46, 52]. The fact that the width of the plateau near the VD decreases in a 
vacuum is ascribed to a reduction of electron-hole puddles as doped charges decreases.  
Hysteresis is another interesting feature that appeared as a consequence of 
electron beam irradiation on graphene. The magnitude of the hysteresis, VH = VD, Down – 
VD, Up, decreased from 2.29V to 0.86V while the irradiated graphene stayed in a vacuum 
but did not completely disappear. Instead, the magnitude of hysteresis remained constant 
after 8 hours, as shown in Figure 27 (d).   
 
 
   
Figure 28 Transport properties of the irradiated graphene after exposure to 
ambient air molecules. Arrows indicate the direction of gate voltage sweep. 
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In order to investigate the transport properties further, we exposed the irradiated 
graphene to ambient air after it had stayed in a vacuum for 48 hours. After exposing the 
irradiated graphene device to ambient air for 20 minutes, VH was reduced from 0.87V to 
0.41V as shown in Figure 28. Additional exposure to air for 20 minutes completely 
eliminates the hysteresis. Ambient air molecules are known as P-type dopants. In 
particular, a mixture of H2O and O2 molecules abundant in ambient air accepts electrons 
from graphene by a Redox coupling process [96, 109, 110], which is in agreement with 
the observation that VD moves toward a positive gate voltage value as shown in Figure 
28. 
Detailed description of the transport properties in ambient conditions is after 
electron beam irradiation on graphene shown in Figure 29. All transport measurements 
were conducted in a vacuum after exposure of graphene to ambient condition. As a 
consequence of interaction of the irradiated graphene with ambient molecules, the 
transport properties recovered to their initial state as shown in Figure 29 (a), which is the 
same behavior as the irradiated graphene in a vacuum. It is a reasonable speculation that 
changes of the transport properties when the irradiated graphene is exposed to ambient 
air is due to adsorption of air molecules. As a result of exposure of the irradiated 
graphene to air, the VD and the conductivity were increased, which were dependent on 
exposure time as shown in Figure 29 (a) and (b). Although the irradiated graphene 
showed similar transport behaviors in a vacuum and in ambient condition, the speed of 
changes in the transport properties was accelerated, which is ascribed to a density of 
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molecules near graphene. For example, the VD increased only 10V for 48 hours in a 
vacuum but increased 35V after exposure to air for 12 hours. Our results that changes of  
the transport properties due to electron irradiation are in accordance with previous work 
that graphene was doped with electrons due to electron irradiation and recovered to its 
initial state as the graphene device is exposed to ambient air [79]. This result supports 
our speculation that changes in the transport properties of the irradiated graphene are 
caused by adsorption of environmental molecules on graphene. In pristine graphene, 
molecular adsorption in ambient air is governed by the Redox coupling process. 
Therefore, alteration of the transport properties of the irradiated graphene originates 
from the same mechanism of pristine graphene, which is called the Redox process.  
 
              
 
Figure 29 Transport properties of the irradiated graphene after exposure to 
ambient condition. (a) Conductivity with linear fits. (b) The Dirac points and values 
of slopes shown in (a). 
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An additional electron beam with an electron dose of 2mC/cm
2
 was irradiated on 
the graphene device to investigate the dynamic behaviors of the transport properties 
further. Except for initial variation of both the VD and the magnitude of resistivity, the 
transport properties revealed similar behaviors as in the case of irradiation 0.4mC/cm
2
 
electron dose, as shown in Figure 30. As a result of electron irradiation with elevated 
electron dosage, the entire transport curve was shifted to a negative gate voltage and 
recovered as it was kept in a vacuum and exposed to ambient air. However, the variation 
of the VD induced by additional irradiation did not increase linearly proportional to the 
electron dosage. Despite the elevated electron dose (2mC/cm
2
), which is five times 
higher than the initial irradiation with electron dosage (0.4mC/cm
2
), the VD shifted to -
70V as shown in Figure 30 (a) and (b). We find that charge doping in graphene due to 
electron irradiation is not proportional to the irradiated electron dosages, allowing us to 
consider that irradiated electrons are not doped directly in graphene. We also find from 
electron irradiation experiments that the dynamic behaviors of the transport properties of 
graphene devices are a general feature. In addition, reduction of induced charge by 
electron irradiation is also a general behavior when ambient molecules interact with 
graphene, which is indicated by slopes of conductivity as shown in Figure 30 (c) and (d). 
From successive irradiation experiments, we find that the magnitude of resistivity, the 
magnitude of VD, and the slopes extracted from the conductivity of the irradiated 
graphene are changed by the same origin, adsorbates on graphene. Therefore, we 
speculate that adsorption dynamics of molecules on graphene is the key to understanding 
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the electrical transport properties of graphene FET devices as a result of electron 
irradiation. Based on the fact that dynamic behaviors of the transport properties in a 
vacuum are similar to that in ambient condition, we can also speculate the transport 
properties change by that same mechanism. In other words, as molecules adsorb on 
graphene in ambient condition, dynamic behaviors of the transport properties of the 
irradiated graphene in a vacuum is the result of molecular adsorption on graphene.        
 
 
 
Figure 30 Transport properties of the graphene FET device as a result of additional 
electron irradiation with electron dose of 2mC/cm
2
. Changes in transport 
properties in a vacuum for 24 hours and after exposed to ambient condition are 
shown. (a) Resistivity, (b) Dirac point (VD), (c) conductivity with linear fits, and (d) 
magnitudes of slopes shown in (c). 
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To study defects generated by electron beam irradiation on graphene further, we 
investigated the surface topography using an AFM. Although we cannot observe atomic 
defects generated by electron beam irradiation with an AFM, we expect that molecules 
should be observed on graphene if the Redox process is the origin of changes in the 
transport properties.  
AFM images, including height and phase shift, are shown in Figure 31. We 
conducted tapping mode AFM experiments in ambient conditions after Raman 
spectroscopy experiments and observed the changes in the surface morphology on 
graphene, which was induced by electron beam irradiation as shown in Figure 31.  
First of all, AFM images of a pristine graphene device in 10um scale are shown 
in Figure 31 (a). Other AFM images were obtained from 1um square area indicated by 
the blue doted area in Figure 31 (a). The pristine graphene as shown in Figure 31 (b) and 
(c) reveals impurities on the surface. Although the pristine graphene unavoidably shows 
adsorbates on its surface, they do not cause the Raman ‘D’ band as shown in Figure 32. 
Those adsorbates might appear on graphene during the device fabrication process and 
contribute to make transport curves asymmetric between holes and electrons conduction 
regions, which is generally shown in our graphene devices [111].  
After an electron dose of 0.4 mC/cm
2
 was irradiated on graphene, the surface 
morphology began to change as shown in Figure 31 (d) and (e). In particular, adsorbates 
at identical locations (indicated by an arrow and near the tail of the arrow) became 
slightly bigger, and the coverage of adsorbates on graphene increased. Although the 
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evolution of the surface morphology is not clearly shown in the height image, the phase 
shift image reveals alteration of the surface morphology clearly. These behaviors were 
significantly enhanced when an increased electron dose was irradiated as shown in 
Figure 31 (f) and (g).  
After additional electron irradiation of 2mC/cm
2
, it is confirmed that adsorbates 
consolidated and became bigger as shown in Figure 31 (g). To analyze detailed changes 
in the surface morphology due to the additional electron irradiation, we selected a cluster 
of adsorbates, which is marked by arrows in the AFM images and studied the variation 
of height profiles as shown in Figure 31 (h), (i), and (j). In pristine graphene, we find 
two separate accumulations of adsorbates marked in Figure 31 (b) and corresponding 
height profile is shown in Figure 31 (h). This height profile shows that two distinct 
adsorbates are separated. As a 0.4mC/cm
2
 areal dose of electrons was irradiated, the 
height of the adsorbates slightly decreased and the graphene area between the two 
adsorbates is filled in by adsorbates. This was confirmed by an increase of the height in 
the intermittent area as shown in Figure 31 (i). These behaviors were enhanced by 
additional irradiation as shown in Figure 31 (j). The height of adsorbates was reduced to 
half, and the intermittent area was completely filled in by adsorbates, which is visualized 
in Figure 31 (g). It is clear that adsorbates accumulations induced by exposing the 
irradiated graphene to air are chemically different from graphene and develop into 
granular adsorbates of increasing size.  We interpret the granular shaped adsorbates 
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accumulations as the result of consolidation of adsorbates by exchange of electrons 
between graphene and environmental molecules, caused by the preceding irradiation.  
 
 
 
Figure 31 Surface topographs of pristine graphene and irradiated graphene by 
electron beams with dosages of 0.4 and 2mC/cm
2
. (a) AFM images of pristine 
graphene FET device. The scale bar is 2um. Blue dotted area is a 1um by 1um 
square. Other AFM images (b)-(g) are obtained from the square area. (b), (d), and 
(f) are height images of pristine, 0.4, and 2mC/cm
2
 irradiated graphene, 
respectively. (c), (e), and (g) are phase shift images corresponding to (b), (d), (f). 
Arrows indicate physically the same adsorbates at the same position on graphene. 
Height profiles (h), (i), and (j) are obtained cluster of adsorbates marked by arrows 
in (b), (d), and (f), respectively. 
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Taking into account the experimental result that the Raman ‘D’ band is caused by 
molecular adsorption [105], it is reasonable to suspect that those adsorbates on graphene 
surface interrupt vibration of carbon atoms in lattice and activated the Raman ‘D’ band. 
Therefore, the surface morphology can be explained by a Redox coupling process in that 
the amount of electrons accumulated by electron irradiation determines the adsorption of 
environmental molecules on graphene. This idea is further supported by Raman 
spectroscopy data. The Raman ‘D’ band appeared after electron beam irradiation as 
shown in Figure 32, which is customarily interpreted as adsorbates on graphene tightly 
binding with graphene so that the intrinsic vibrations of carbon atoms are impeded [90]. 
This effect was enhanced significantly by an increased irradiation dose of electrons 
(2mC/cm
2
) based on the fact that the Raman ‘D’ band increases with increasing electron 
dosages, which is in agreement with interpretation of AFM images.       
After transport measurements, we obtained Raman spectrum conducted in 
ambient conditions. As a result of electron irradiation on graphene, we observed the 
Raman ‘D’ band in Figure 32, which is a signature of defects in graphene and an 
agreement with previous works [76, 79, 81]. We also observed that the intensity of the 
‘D’ band increased with increasing electron dosages. Teweldebrhan et al. argued that 
graphene experiences an amorphization trajectory as a result of electron irradiation, 
indicating that bombardment of electrons on graphene induces transformation of the 
crystallographic structure. The idea of the amorphization trajectory is based on the 
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theory that lateral size of grains can be determined by relative intensity of ‘D’ versus ‘G’ 
band in Raman spectrum as shown in equation 5.2, 
  
  
 
    
  
   (5.2) 
where      is a constant related to wave length of excitation laser, La is effective crystal 
size of graphene, ID is intensity of D band, and IG is intensity of G band in Raman 
spectrum [90]. Making use of equation 5.2, Ferrari and Robertson proposed the 
amorphization trajectory, which classifies crystallographic status of graphene into three 
stages: graphite, nanocrystalline graphite, and amorphous carbon [91, 112].  
 
 
 
Figure 32 Raman spectroscopy data of the graphene devices irradiated by electron 
beams with electron dosages ranging from 0 to 2mC/cm
2
.  
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However, Raman spectra not only respond to structural defects, but also respond 
to any kind of defects, such as molecular adsorption, which break symmetric vibration of 
the A1g mode in graphene. In other words, Raman spectra alone cannot determine defect 
types activated in graphene due to electron irradiation. In our experiments, we also 
observed that the intensity of ‘D’ band increased as an electron dosage increased, an 
indication that the amount of defects induced in graphene was increased.   
In order to investigate the mechanism of molecular adsorption on graphene as a 
result of electron beam irradiation, we studied the Redox process in graphene. According 
to the Redox coupling theory, electrons transfer between graphene and molecules until 
the Fermi energy level of graphene aligns to that of the Redox system as shown in 
Figure 33 [96, 109].  
As water and oxygen adsorb to graphene, electrons transfer from graphene to the 
environmental molecules. Adsorption and consolidation of the molecules on the 
graphene surface continue until the Fermi energy level of graphene is aligned with the 
Redox states located at -4.83eV and -5.66eV with respect to the vacuum energy level. 
Chemical reactions for the Redox process are shown by 5.3 and 5.4 [96, 109]. 
           
       (5.3) 
      
            (5.4) 
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Figure 33 Schematic diagram of energy level of electron in graphene and Redox 
system. 
 
 
The Dirac point of ideally clean graphene is located at -4.7±0.05eV, which is 
higher than the Fermi energy level of the Redox states [113]. When the Fermi energy 
level of graphene is decreased and aligned with the Redox states, the graphene/Redox 
system reaches an equilibrium state. The fact that the Dirac point sticks at the 
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equilibrium point regardless of electron dose indicates that pristine graphene should 
reveals a P-type doping behavior, as our pristine graphene devices shows.  
We observed that graphene was doped electrons due to electron irradiation by 
alteration of the transport properties. Therefore, exposure of the graphene device to 
electron beams elevates the Fermi energy level of graphene. The Fermi energy of 
graphene after electron irradiation with electron dosage of 0.4mC/cm
2
 can be calculated 
by equation 5.5. 
              
 
 
 (5.5) 
Here,      
 
       
 is density of state of graphene, and the      
 
                 
 
is the Fermi-Dirac distribution function. The equation 5.5 is derived to equation 5.6. 
   
 
       
     
        (5.6) 
Here,        is the Fermi-Dirac integral of order 1, which is defined by        
 
 
           
  
 
 
, kB is the Boltzmann constant, T is the temperature, and    =
  
   
. 
Because the        cannot be solved analytically, we try to find asymptotic expression 
of the         which is categorized according to magnitude of   . In order to estimate     
we first calculate the Fermi energy at Tis zero Kelvin. At T=0K, the Fermi integral of 
order 1,         is simplified to   
2
/2, which simplifies the equation (5-6) to equation 5.7. 
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  (5.7) 
Here, a carrier concentration can be obtained from the variation of the VD of graphene 
devices due to electron irradiation. When the VD shifts 50V as a result of electron beams 
irradiation, the induced charge concentration is -3.62*10
12
cm
-2
, which is calculated by 
n(Vg = -50V) = -50V*Cg/e, where Cg~11.6 nF/cm
2
 is the capacitance of gate oxide and e 
is the elementary charge. We found that the Fermi energy was increased by 0.22eV at 
T=0K by combining the charge concentration induced by electron irradiation (-
3.62*10
12
cm
-2
) and the equation 5.7. To calculate equation 5.7 at T=0K, the Fermi 
velocity of the graphene,   ~10
6
 m/s, is used [35]. We make use of the asymptotic 
expression of          
    to evaluate the equation 5.6, resulting into the equation 5.7 
[114].  
In order to investigate further the mechanism of the Redox process in graphene 
after electron irradiation, we exposed the irradiated graphene to individual O2 and H2O 
gases. In Redox gas exposure experiments with pristine graphene, individual H2O and 
O2 gases reveals different doping behaviors and are known as an electron donor and an 
electron acceptor, respectively [96]. In our experiments, when the irradiated graphene 
was exposed to H2O, the transport curve shifted toward a negative gate voltage value, 
indicating that water molecules serve as electrons donor as shown in Figure 34 (a), 
which is in agreement with the chemical reactions 5.3 and 5.4. Upon exposure of the 
irradiated graphene to H2O, large initial hysteresis (5.66V) appears and reduces to 2.37V 
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after successive measurements. In contrast to ambient air, adsorption of H2O molecules 
on graphene keeps at the hysteresis more than 2V after successive measurements.  
 
 
 
Figure 34 Transport properties of graphene FET devices irradiated by an electron 
beam with electron dose of 0.4mC/cm
2
 and subsequently exposed to (a) H2O and (b) 
O2. Black and red arrows indicate directions of gate voltage sweep directions. 
Offset only along y axis sets. Successive measurements are shown from bottom to 
top. Green dotted arrows are guideline for VD shift. 
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It is considered that the electronically polar nature of water molecules cause 
hysteresis in the graphene devices, which is in agreement with previously published 
works with graphene and CNT [96, 99]. In contrast to water, oxygen molecules act as 
electron acceptors, indicated by a shift of the transport curve toward a positive gate 
voltage. Although the irradiated graphene also reveals a large hysteresis initially, the 
hysteresis is reduced to 0.86V, which is a typical value the irradiated graphene reveals in 
a vacuum after electron irradiation. This indicates that oxygen does not interfere with 
hysteresis when the graphene in oxygen environment reaches a steady state. In addition, 
the amount of charge doping in graphene indicated by the variation of VD is different 
from those two gases. While the VD increased 2V in oxygen, it decreased 10V in H2O 
environment during 6 successive measurements, which is in accordance with the Redox 
gas exposure experiment of pristine graphene [96]. Furthermore, those gas adsorption 
experiments can be explained by chemical reactions 5.3 and 5.4. Therefore, water and 
oxygen gas exposure experiments support the idea that adsorption of ambient molecules 
on the irradiated graphene by electron beams is governed by a Redox process.       
So far, we observed that graphene FET devices reveal a signature of defects 
indicated by Raman ‘D’ as a result of electron beam irradiation. In addition, we directly 
observed that the irradiated graphene adsorbed environmental molecules in ambient air 
as a consequence of a Redox process. It is reasonable to consider that charge carriers 
experience scattering by adsorbates on graphene produced by electron irradiation and 
subsequent molecular adsorption. In order to investigate effects of the surface 
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morphology induced by molecular adsorption on electrical properties, transport 
measurements of the graphene device were conducted after AFM experiments. From 
conductivity data shown in Figure 35, it is verified that molecular adsorption induced by 
electron irradiation deteriorates the transport properties of the graphene device. In 
addition, conductivity depends on electron dosages irradiated on graphene because 
defect states in graphene are dependent on electron dosage irradiated, which is 
consistently interpreted with AFM images as shown in Figure 31 and the Raman 
spectroscopy data in Figure 32. However, the transport behaviors shown in Figure 35 are 
different from that measured in a vacuum. Above all, the Dirac points were recovered to 
original value regardless of electron dosages irradiated, which means that artificially 
doped charges were removed. In other words, the transport properties are not governed 
by charged impurities described by the equation (2-30). Instead, neutral defects induce 
carrier scattering in graphene. Theory of carrier scattering by neutral defects was 
modeled by introducing a deep potential well, which is described by equation 5.8. 
    
   
  
 
  
          (5.8) 
Here    is density of neutral defects is,    is the Fermi wave vector, R is the radius of 
potential well generated by the defect. The equation 5.8 is experimentally supported by 
ion irradiation experiments [63]. In contrast to neutral defects generated by ion 
irradiation, the adsorbates generated on graphene samples due to electron irradiation 
cover the entire surface. This makes it difficult to define the radius of a potential well in 
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equation 5.8. Nevertheless, the theory of carrier scattering by defects reveals that there is 
a linear relationship between conductivity and a carrier concentration. Furthermore, the 
conductivity is inversely proportional to defect density, which indicates that the slope of 
the conductivity far from the Dirac point is a measure of adsorbates concentration. The 
argument that the transport properties are degraded as a result of electron irradiation was 
supported by unusual results of quantum Hall effect experiments [79]. Therefore, 
deterioration of the transport properties of graphene FET devices due to electron 
irradiation and subsequent exposure to ambient conditions is originates charge carrier 
scattering due to neutral adsorbates.  
Another remarkable property of the conductivity data in Figure 35 is a 
broadening of the valley near the VD. In the case of a graphene FET, irradiated by 
electrons and exposed to air, the VD is nearly identical to that of pristine graphene 
regardless of electron dosage, however the valley near the VD is broadened as the 
charged impurity concentration increased due to electron irradiation, which is in 
accordance with previous charge doping studies [46, 52, 115]. Although doped charges 
due to electron irradiation are neutralized on average in ambient conditions by 
adsorption of environmental molecules, the local fluctuations of charge density, which 
contribute conductivity at the VD, increases with increasing electron dosage even after 
the VD is fully recovered. We therefore agree that the increased charge density 
fluctuation induced by e-beam irradiation increases hole-electron puddles, thereby 
increasing the plateau around the VD.  
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Figure 35 Conductivity of the irradiated graphene FET device and subsequently 
exposed to ambient air until the Dirac point recovers to that of pristine graphene. 
Dashed lines indicate linear fittings in the linear region of the conductivity data. 
 
 
5.3 Hysteresis and charge doping by electron beams irradiation 
As a consequence of electron beams irradiation, the graphene device reveals 
hysteresis, which is defined by the discrepancy of the Dirac voltages during sweeping up 
and down the gate voltage. We define the hysteresis (VH) by equation 5.9. 
                (5.9) 
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Here VD, Up and VD, Down are the Dirac voltage obtained during sweeping down and up 
the gate voltage, respectively. The hysteresis phenomenon has been reported and studied 
in carbon materials including graphene and CNT in various conditions. Defects [116] 
and chemical residues during the fabrication process [117] are considered as candidates 
to induce hysteresis in the transport properties. Trapped charges in the SiO2 layer [89] or 
interface between graphene and the SiO2 layer [118] are also considered as a cause of 
hysteresis by transferring of the trapped charges by an applied electric field. An ambient 
condition is a commonplace where hysteresis appears in both graphene or CNT FET 
devices, which presumably originates from dipolar molecules on the surface of graphene 
or CNT [85, 89, 96, 98, 99, 101, 119, 120].  
In addition to dynamic behaviors of graphene due to electron irradiation, we also 
observed hysteresis, which appeared in the graphene device as discussed in the previous 
section. General behaviors of hysteresis have already been introduced in an earlier part 
of this chapter. Because our pristine graphene does not show hysteresis as shown in 
Figure 23, hysteresis is a phenomenon that appears as a consequence of interaction 
between graphene and energetic electrons. Upon irradiation, graphene reveals hysteresis, 
VH ~2V which is small compared with the total charge induced by electron irradiation 
(ΔVD~50V) in graphene as shown in Figure 27. This implies that only a small portion of 
charge induced by electron irradiation contributes to hysteresis, indicating that there 
might be different origins of the hysteresis and charge doping in graphene.  
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The steady state value of VH (0.87V) in a vacuum did not disappear until the 
graphene device was exposed to ambient air as shown in Figure 28. Once hysteresis 
disappears as a result of adsorption of air molecules on graphene, it does not appear 
again, indicating that all the charges contributed to hysteresis are neutralized by air 
molecules. Although hysteresis completely disappears after exposure of graphene to air 
for 40 minutes, the VD did not completely recover to its initial value as shown in Figure 
28. This implies that the charges related to hysteresis are of a different type from dopants 
that induce variation of the VD. Based on the fact that the Raman ‘D’ peak appears and 
increases according to electron dosages irradiated on graphene as displayed in Figure 32, 
we consider that environmental molecules adsorb on graphene.  
In contrast to our speculation that charge doping in graphene due to electron 
irradiation originates from molecular adsorption, He et al. [79] and Childres et al. [81] 
argued that charge doping in graphene due to electron irradiation is related to an oxide 
layer underneath graphene. In order to elucidate whether the oxide layer plays an critical 
role in charge doping process in graphene, we fabricated suspended graphene for 
electron irradiation experiments. SEM images of top view and angled view are shown in 
Figure 36 (a) and (b), respectively. From the SEM image in Figure 36 (b), we verified 
that the graphene was suspended between two electrodes after etching out the oxide 
layer. Once suspension of graphene was verified, we heated the suspended graphene at 
200°C for 5 minutes in a vacuum. This is to remove anything adsorbed on graphene 
during the drying a process in CO2 environment, during fabrication of suspended 
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graphene, or contamination in ambient conditions. After cleaning the suspended 
graphene by heating in the transport measurement chamber, we obtained the transport 
data from suspended graphene prior to electron irradiation. As shown in Figure 36 (c), 
the VD locates around -4V, revealing that the suspended graphene prior to electron 
irradiation is slightly doped with negative charges. 
In general, cleaning the graphene devices by heating in a vacuum shifts the VD 
toward a negative gate voltage value, and the amount of shift of the Dirac point depends 
on annealing time [97]. After obtaining the transport data from pristine graphene, we 
irradiated an electron beam on the suspended graphene and measured resistance which 
showed that the suspended graphene was doped with negative charges as supported 
graphene by oxide layer. Therefore, the majority of charges doped as a result of electron 
irradiation indicated by a shift of the VD are the result of adsorption of molecules on 
graphene.  
Once the fact that charge doping as a result of electron irradiation originates from 
adsorption of molecules, we investigated the origin of the hysteresis. Because the VD 
moved to a negative gate voltage value, electrons were doped in graphene. In contrast, 
the charges that contribute to hysteresis switch their charge type from positive to 
negative or vice versa according to the carrier type in graphene, implying that the 
charges respond to vertical electric field generated by charge carriers in graphene.  
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Figure 36 Suspended graphene. (a) top view and (b) angled view of SEM images of 
suspended graphene. Resistance data (c) before and (d) after irradiation of 
electrons with 0.4mC/cm
2
 dose. 
 
 
One possible scenario of the hysteresis appearance is that charge gets trapped in 
an oxide layer or interface between graphene and an oxide layer. Unfortunately, the role 
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of an oxide layer underneath graphene cannot be proved by obtaining the transport 
properties with suspended graphene because it collapses down during charge carrier 
modulation due to electrostatic force induced by the charge carrier. Although we cannot 
show experimentally that the oxide layer does not contribute directly to hysteresis by 
charge traps, it is difficult to accept the scenario because charge trap density in an oxide 
layer or in the interface will not be affected by adsorption of air molecules on graphene. 
Instead, it is speculated that adsorbates on top of graphene with polarity which are 
generated during electron irradiation induce hysteresis because hysteresis is removed by 
adsorption of ambient molecules as shown in Figure 28. 
 In order to investigate hysteresis further, in-situ annealing experiments were 
conducted. As shown in Figure 37, hysteresis appeared due to electron irradiation and 
reduced from 1.47V to 0.24V as a result of 1 minute-annealing around 200°C as shown 
in Figure 37. Hysteresis disappeared completely within 5 minutes by annealing around 
200°. Because the depth of electron trap energy levels in a thermally grown oxide 
surface is 2.13 ± 0.05 eV [121], a few tens of  meV (thermal energy of around 200°C) 
rarely makes the trapped electrons escape from trapped states. In other words, hysteresis 
cannot be removed by an annealing effect at 200°C if the trapped charges in an oxide 
layer are the cause of hysteresis. Therefore, we  rule out one possible cause of hysteresis, 
charges trapped in an oxide layer [122].  
One remarkable aspect of the annealing effect is that the hysteresis, VH, 
decreased quite abruptly from 1.29V to 0.12V after 1 minute of annealing while the VD 
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remained unaltered. This indicates that the adsorbates that induce negative charge 
doping are different from the adsorbates that induce hysteresis as shown in Figure 37 (a). 
We argue that the origin of hysteresis is adsorbates, which are so weakly bound on 
graphene that they are removed by annealing for a short period of time. Furthermore, the 
hysteresis completely disappeared after annealing for 5-minutes. From these results, we 
conclude that the hysteresis originates from adsorbates, which are so weakly bound on 
graphene that they are desorbed during a short period of annealing compared with 
adsorbates that induce charge doping which are more resilient. Presumably, 
environmental molecules such as O2 and H2O are the main causes of hysteresis because 
they are abundant in air and likely to remain on graphene even after evacuation of the 
EBL chamber. They can also undergo electronic excitation, ionization, and electron 
attachment by electrons with energies ranging from ~eV to keV [123, 124], which is 
comparable to energies of backscattered or secondary electrons. Especially, molecules 
with missing or surplus electrons might physically remain on graphene with switchable 
electronic polarity.  Although it is difficult to confirm which particular species induces 
hysteresis, we suggest that environmental molecules which have polarity are the origin 
of the hysteresis due to electron irradiation. 
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Figure 37 Transport properties of the irradiated graphene with electron dosage of 
0.4mC/cm
2
 during annealing around 200°C in vacuum. (a) Resistivity and (b) 
Magnitude of hysteresis and the Dirac point during sweeping down gate voltage. 
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CHAPTER VI 
SUMMARY AND FURTHER USEFUL RESEARCH 
 
The main purpose of this research project was to study transport properties of 
graphene field effect transistor devices as a result of electron beam irradiation. The 
graphene FET devices showed dynamic transport properties after electron irradiation in 
vacuum. Upon irradiation of graphene with an electron beam, VD shifted to negative gate 
voltage which is an indication of electron doping on graphene. With increasing time in 
vacuum, VD increased gradually for 48 hours. Once the irradiated graphene was exposed 
to ambient conditions, VD increased and recovered to its initial value in a few hours. At 
the same time, the resistivity increased but did not recover to the value of pristine 
graphene. Both the recovering process of the Dirac point and the increasing resistivity 
are governed by Redox coupling processes. Molecular adsorption on graphene is 
induced by transferring electrons from graphene to environmental molecules such as 
H2O and O2, which induces carrier scattering in graphene. Another remarkable 
characteristic property of graphene devices resulting from electron irradiation is 
hysteresis in the transport properties. While the electron irradiated graphene stays in 
vacuum, it reveals hysteresis. As a result of exposure of graphene to ambient air, the 
magnitude of the hysteresis decreases and finally disappears. Furthermore, annealing at 
200°C for a short period of time removes the hysteresis. We consider that the hysteresis 
which appeared in graphene as a result of electron irradiation is the result of interactions 
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between graphene and adsorbates molecules near graphene. The electronic state of 
molecules such as H2O and O2 possibly changes as a result of backscattered or 
secondary electrons. In particular, these molecules can be ionized or capture electrons 
with energy ranging from 1eV to 100eV. However, it is difficult to determine which 
species induce hysteresis in graphene because the energy of secondary electrons is 
comparable to changes in the electronic states of those molecules.  
A study to investigate the effect of electron irradiation on PMMA/graphene 
bilayers was also presented in a previous chapter. While the back bone structure of 
PMMA is broken by electron irradiation, gas atoms such as hydrogen are also generated. 
The appearance of the Raman ‘D’ band indicates that atoms or molecules are tightly 
bound. In addition, the transport properties are degraded by electron irradiation 
depending on the electron dosage irradiated on graphene. The deterioration of the 
transport properties is the results of molecular adsorption on graphene which is in 
agreement with the observed Raman spectrum. We suggest that the atoms or molecules 
adsorbed on graphene are gaseous atoms generated during the depolymerization process 
of PMMA.    
Although adsorbed molecules on graphene as a result of electron irradiation are 
observed by AFM, the atomic scale landscape is not known yet. In addition, AFM 
measurements were conducted in ambient condition, so no information on the 
morphology of graphene after electron irradiation in vacuum is available. In order to 
investigate the origin of the hysteresis and the species which induce hysteresis, in-situ 
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transport measurements and Scanning Tunneling Microscope (STM) experiments are 
required. After irradiation of graphene by an electron beam, the transport properties and 
surface morphology at the atomic scale must be conducted while precisely controlled 
molecules are added to the vacuum chamber. Because environmental molecules such as 
water and oxygen donate or capture electrons as a result of scattering with low energy 
electrons, we expect that electronically polarized molecules which cause the hysteresis 
may be observable by STM. 
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NOMENCLATURE 
 
FET Field Effect Transistor 
EBL Electron Beam Lithography 
SEM Scanning Electron Microscopy 
STM Scanning Tunneling Microscopy 
AFM Atomic Force Microscopy 
IPA Isopropyl alcohol 
PMMA Poly Methyl Methacrylate 
XPS X-ray Photoemission Spectroscopy 
CNT Carbon NanoTube 
AFM Atomic Force Microscopy 
Redox Reduction-Oxidation 
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